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Material interfaces are of critical importance to numerous fields, including
nanomaterials, electronics, microfluidics, synthesis, bioanalysis, pharmaceuticals, and
catalysis, and they have been extensively researched. The materials used in these fields
are often rigid/hard (such as silicon wafers) resulting in static surface properties.
Consequently, the chemical/morphological properties of a surface may be modified using
synthetic or mechanical means to tailor the interfacial properties of a material (i.e.,
surface energy, adhesion, topography, and reactivity).

Recently, emphasis has been

placed on designing dynamic materials with adaptive interfacial properties that respond
to a variety of environmental stimuli. To this end, the surface chemistry and topography
of common silicone elastomers (e.g., polydimethylsiloxane; PDMS) are rationally
designed to afford systems with mechanically tunable surface properties. These adaptive
surfaces are utilized towards the generation of wettability/topographical patterns,
adaptive microdroplet transport, mechano-switchable adhesion, and mechanically
triggered catalysis.
Silicone polymers are biocompatible elastic materials that are frequently used in
adaptive technologies (e.g., soft robotics), medical/pharmaceutical applications, soft

lithography, and microfluidics. Surface activation (i.e., oxidation) of silicone surfaces
often results in the formation of an undesirable/mechanically unstable brittle silica layer
that readily fractures following mechanical stimuli, limiting the application space of these
materials. In this work, the effect of mechanical stimuli on silicone surface chemistry
and topography is investigated. The surface chemistry and instabilities (i.e., cracking and
wrinkling) are leveraged for: (i) fabricating wettability patterns and gradients, (ii)
designing superhydrophobic surfaces with mechano-switchable droplet adhesion, (iii)
generating hierarchically structured micro-/nanotopographies with tunable surface
chemistry, (iv) creating mechanically switchable microdroplet transport, (v) designing
advanced microdroplet transport systems, and (vi) achieving mechano-activated catalysis.
The work presented here is relevant to the fields of soft robotics, microfluidics,
bioanalysis, intelligent and adaptive materials, anti-icing, and catalysis. These results may
find useful applications in printing technologies, liquid repellent surfaces and apparel,
microfluidics, microreactors, water-harvesting technologies, heterogeneous catalysis, and
the creation of interactive reaction vessels (i.e., reactionware).
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PREFACE
A surface—the space where two objects interact—constitutes a unique region of a
material whose properties can be precisely tuned separately from the bulk material. The
special distinction between bulk and surface properties has resulted in heightened interest
in developing adaptive materials with dynamically tunable and stimulus-activated
interfacial properties. Motivated by this, my work has primarily focused on designing
and fabricating adaptive silicone elastomers by leveraging mechano-induced surface
chemistries and instabilities (i.e., wrinkles and cracks) to dynamically tune the surface
properties (i.e., chemistry and topography) of these materials. To develop materials with
mechano-activated properties, we first needed to understand the influence of mechanical
stress on the surface chemistry and topography of silicone elastomers (Chapter 1).
Specifically, we investigate the effects of mechanical stimuli on surface wettability,
chemical composition, and surface instabilities following the activation (i.e., oxidation)
of silicone surfaces. We then apply these understandings towards the development of a
facile method for the rapid, on-demand switching of surface wettability, and the
generation of surface wettability patterns and gradients.
In Chapter 2, we apply surface instabilities (i.e., cracking) of nanoporous films for
the synthesis of mechanically compliant systems with dynamic/adaptive interfacial
properties. More precisely, we integrate a solution-phase etching process with mechanoinduced surface cracking to fabricate superhydrophobic films with mechano-tunable
droplet adhesion and wettability. We harness the adaptive nature of surface instabilities
(i.e., microcracks) on nanoporous films for tuning the solid-liquid (i.e., droplet-surface)
contact interface through mechano-induced crack deformation. We then apply these
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adaptive materials towards a “no-loss” microdroplet transfer platform and wearable
droplet “tweezers” for use in microdroplet reactors or as artificial skin.
We continue to expand the capabilities of our pioneered solution-phase etching
process in Chapter 3. Specifically, we investigate the effects of buffer pH on the etching
rate and surface morphology of interfacial silica. We then use this chemical dissolution
process to etch patterned silica interfaces which enables the fabrication of hierarchically
micro-/nanostructured silicone surfaces. Furthermore, the etched silica interfaces remain
chemically activated, thereby enabling the synthesis of microreactors with precisely
tunable surface chemistries. The precise control of surface chemistry inside these
microreactors will enable the fabrication of sophisticated bioanalytical devices with
advanced functions. Lastly, we leverage the surface instabilities (i.e., wrinkling) of prestrained microstructured surfaces to obtain complex mechanical buckling profiles which
may find applications in adaptive technologies.
In Chapter 4, we develop a unique process for synthesizing mechanically tunable
chemical gradients and apply it towards mechanically programmable microdroplet
transport. First, we fabricate a surface chemical gradient on pre-strained/ultraviolet
ozone oxidized PDMS films and implement the well-established mechanical buckling
phenomena towards active control of microdroplet transport on these surfaces. We
establish a theoretical model—one based on empirical observations—to highlight the
fundamental underpinnings of droplet transport on microtextured chemical gradients. In
this model, we establish how the driving force originating from the surface chemical
gradient delicately counteracts the effect of a roughness-amplified and wettabilityinduced hysteresis force. Finally, we use this dynamic droplet transport strategy for the
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rational/adaptive switching of microdroplet transport on inclined planes and demonstrate
its application in self-cleaning materials and droplet sorting devices.
We utilize the fundamental knowledge established in Chapter 4 for advancing the
design of mechanically switchable microdroplet transport systems (Chapter 5). In this
chapter, we elaborate on how changes to the surface chemistry and topography affect
adaptive microdroplet transport. Specifically, by tuning the sharpness of the chemical
gradient and its relative orientation to the surface wrinkles, we expand the number of
tunable parameters for controlling droplet transport on microtextured chemical gradients.
Furthermore, we demonstrate zonal switching of transport by synthesizing surfaces with
multiple types of surface chemical gradients. We also emphasize the ability for our
system to dynamically transport microdroplets on vertically inclined planes—a capability
previously untenable without capillary action or electrostatic effects. Lastly, systems
fabricated with our approach are applied towards microreactor systems with smart and
adaptive microdroplet pathing.
Lastly, in Chapter 6, we look towards future developments of interfacial
chemistry towards mechanically responsive applications. In particular, we pivot away
from surface instabilities (i.e., cracking and wrinkling) and investigate the potential
application of mechanical stimuli for the release of interfacially-bound mechanophores
(i.e., small molecules). We functionalize PDMS films with silane ligands for chelating
metal catalysts to the surface. We then probe the influence of mechanical stress on the
resulting surface chemistry and explore the utility of these films in mechano-activated
catalytic systems. We analyze the surface using various analytical techniques including
X-ray photoelectron spectroscopy and fluorescence spectroscopy. We also highlight
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another approach for synthesizing heterogeneous chemical patterns on mechanically
responsive surfaces. The intricate interplay between surface wettability and dynamic
topography enables the precise control of the resulting surface chemistry which can
potentially activate chemical reactions through mechanical stimuli. We believe these
concepts, with further development, will be instrumental in designing stimuli-activated
reaction vessels (i.e., reactionwares).
In Appendix 1, we include supplementary information elaborating on the
materials and methods employed in this dissertation.

Additional Notes:
•

In Chapter 1, I discuss a project that was published in ACS Applied. Materials &

Interfaces 2019, 11, 33452-33457, in collaboration with J. M. Taylor, A. Konda, M. A.
Stoller, and S. A. Morin.
•

Chapter 2 is a project that was performed in collaboration with A. Torres and S. A.

Morin and has just been accepted.
•

Chapter 3 is in preparation for publication in Soft Matter in collaboration with S.

A. Morin.
•

In Chapter 4, I discuss a project that was recently published in Nature

Communications in collaboration with J. J. Bowen, J. M. Taylor and S. A. Morin.
•

Chapter 5 expands on the seminal work disclosed in Chapter 4 and is in

preparation for submission to Advanced Intelligent Systems in collaboration with S. A.
Morin.
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CHAPTER 1
INFLUENCE OF MECHANICAL STIMULI ON THE SURFACE
CHEMISTRY AND MORPHOLOGY OF SILICONE ELASTOMERS

The chemistry and morphology of surfaces and interfaces is critical to numerous
technologies used in everyday life. These technologies include: electronics,1,2 biomedical
devices,3,4 adhesives,5,6 polymers,5,7 catalysis,8,9 fluid transport,10,11 and surface
coatings.12,13 The fundamental understanding and control of material surface chemistry
and topography continues to play an integral role in the development of analytical
techniques,14,15 sensors,16–18 nanotechnologies,19,20 wearable electronics,18,21 textiles,18,22
intelligent and adaptive materials,23,24 soft robotics,24–26 water-repellent surfaces,27
drugs,28,29 and vaccines.30 More recently, increased focus has been placed on fabricating
intelligent and adaptive materials whose properties (i.e., transparency, surface energy,
topography, and color)31–33 and functionality changes with externally applied stimuli (i.e.,
magnetic field,34,35 electrical,36 mechanical strain,37,38 thermal,39,40 and pH).41 These
materials can have multiple complex functions that each can be individually activated
depending on the applied stimulus. In this dissertation, we focus on the use of simple
mechanical stimuli to design and fabricate intelligent materials with dynamically adaptive
surface chemistry and topography. The adaptive applications described in this
dissertation include patterning (Chapters 1 and 3), switchable adhesion (Chapter 2), fluid
transport (Chapters 4 and 5), and catalysis (Chapter 6).

2

1.1

Introduction to Silicones
When it comes to mechano-responsive materials, room temperature vulcanized

(RTV-2) silicone rubbers are the material of choice.25,37,41–45 These soft polymers (owing
to their low Young’s Moduli which ranges from 0.5 MPa to 4 MPa)46,47 can
accommodate large magnitudes of tensile strain due to their high tear strength which
varies with the fabrication parameters. They also possess high heat tolerance and are
generally biocompatible with living systems.46,47 Furthermore, they quickly recover their
original shape following mechanical tensioning which makes them suitable materials in
mechano-adaptive systems,31 microfluidics,11 soft robotics,25 flexible electronics,2,48,49
and biological applications.50
Silicone polymers contain a repeating siloxane (Si-O-Si) subunit and generally
have a unique R group attached to the siloxane backbone. These R groups may represent
a methyl, vinyl, phenyl, or trifluoropropyl moiety.46 The siloxane backbone bond has a
higher bond energy (452 kJ/mol) than a C-C bond (350 kJ/mol) which affords the
polymer high thermal stability and resistance to oxidation.46 In the case of Sylgard 184™
(polydimethylsiloxane, PDMS)—the silicone polymer of choice in this dissertation and
whose chemical structure is shown in Figure 1.1—the R group is substituted with a
hydrophobic methyl function. These methyl moieties render the PDMS surface
chemically inert which is not suitable for applications that necessitate surface
modification (e.g., catalysis). These elastomers are also not compatible or mechanically
stable in many organic solvents which may further restrict their targeted application
space.51 Nevertheless, the surface can be readily functionalized and activated following
simple oxidation processes (i.e., plasma oxidation or ultraviolet ozone treatment).52–54
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Although these oxidative processes achieve similar results (increase surface energy), their
mechanism of oxidation is inherently different. Furthermore, they induce significant
changes to the surface properties (i.e., chemistry and wettability) and they compromise
the mechanical stability and integrity of the interface. Plasma and ultraviolet ozone
(UVO) processes are used throughout this dissertation, and the effects of these oxidation
processes on the surface of silicones is described below in detail.

4

Figure 1.1. Chemical structure of Sylgard 184™ silicone polymer,
polydimethylsiloxane.

5

1.2

Effects of Ultraviolet Ozone on the Surface Properties of PDMS
UVO processes are effective at cleaning hard and soft surfaces through the

removal of surface contaminants via chemical decomposition of organic molecules to
volatile species (i.e., CO2).53–55 The process itself is simple-to-use, inexpensive, and
operates under ambient conditions.55 The ozone generation mechanism first proceeds
with the production of UV rays at 184.9 nm and 253.7 nm wavelengths from a low
pressure mercury lamp. 53–55 The higher energy UV rays (184.9 nm) then react with
atmospheric oxygen (O2) to form ozone (O3). Afterwards, the lower energy UV rays
(253.7 nm) are absorbed by O3 where it decomposes and forms highly unstable molecular
oxygen with high oxidizing potential (O*). The general reactions for the formation of O3
are outlined below.53–57
O2 + high energy UV → O + O

(1.1)

O + O2 → O3

(1.2)

The effects of UVO treatment on the surface chemistry, morphology, and
mechanical properties of elastic silicones (i.e., PDMS) are complicated. In the case of
PDMS, the high energy molecular oxygen moieties generated during the UVO process
react with the surface methyl substituents, irreversibly altering the surface properties and
chemistry. Specifically, O* reacts with the Si-C bond (bond energy 318 kJ/mol), forming
methanol (CH3OH) and surface silanol (SiOH) groups in the process.53–57 CH3OH is a
volatile organic compound that is simultaneously formed and removed from the surface
through desorption while highly reactive and polar SiOH groups are permanently
imparted onto the PDMS surface. Moreover, a glassy silica (SiO2) layer forms on the
surface of PDMS following UVO treatment, where the duration of exposure influences
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the oxidation depth.

This UVO-generated surface oxide layer can reach several

microns deep and have significant effect on the mechanical properties and stability of the
polymer interface. Following oxidation, the surface becomes hydrophilic and brittle in
nature and its mechanical properties approach that of glass (at the top 5-10 nm of the
surface) and gradually decreases further away from the surface.53–57 Thus, the surface of
PDMS becomes mechanically unstable due to the mismatch between hard silica surface
and elastic silicone underlayer. Surface crack propagation of the brittle silica layer (on
the order of microns for UVO treated films) occurs following the application of
mechanical strain.58 This irreversible surface instability and morphological change
(discussed more thoroughly in section 1.4) is often undesirable and results in surface
heterogeneity. Moreover, these surface instabilities impact applications where adaptive
and reversible functionality is desired (e.g., stretchable electronics). In this dissertation,
we highlight the benefit of leveraging surface instabilities (cracking) for application in
various adaptive technologies. These include materials with rapid mechano-switchable
wettability (Chapter 1) and surfaces with mechano-tunable droplet adhesion (Chapter 2).
Lastly, the treatment of PDMS films with UVO is discussed in more detail in Chapters 25.
1.3 Effects of Plasma Oxidation on the Surface Properties of PDMS
Plasma oxidation is the most commonly employed process in the activation of
silicone interfaces.11,52,59–62 Plasma oxidation is the process of generating ionized gas,
high energy photons, and ionized molecules through the application of high radio
frequency (RF) voltages in a reduced pressure/closed chamber. The chamber may be
supplied with a range of inert gases (O2, Ar, or He) which can influence the silicone
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oxidation process. In general, plasma oxidation is a faster and more efficient method at
cleaning and oxidizing PDMS surfaces than UVO. However, the mechanism of
generating surface SiOH groups onto silicone surfaces is not well understood.52,60–62 It is
believed that ionized oxygen reacts with the surface at the silicon-carbon bonding site,
forming volatile CH3OH molecules that readily desorb. The reaction also imparts the
surface with reactive SiOH and SiO2 groups.52,62 Further, a brittle silica layer forms on
the surface where unlike UVO generated silica, this brittle silica layer is on the order of
nanometers in thickness and its mechanical properties are also similar to glass. Once
again, undesirable surface cracks (on the order of nanometers) are generated following
mechanical deformation due to the mismatch in mechanical properties between the bulk
material and interface.58 Fortunately, in the case of plasma oxidation (due to the scale of
the brittle interface), it is possible to quickly etch away this brittle silica layer (while
retaining reactive SiOH moieties on the surface) through the hydrolysis reaction shown
below.63,64
SiO2 (s) + 2H2O (l) → H4SiO4 (aq)

(1.3)

Here, silica dissolution is kinetically driven and enhanced by thermal,
concentration, and pH effects.63–65 The solution-phase etching removes the hard/brittle
silica interface revealing the soft silicone support in the process. As a result, the surface
becomes mechanically compliant which enables the use of plasma oxidized PDMS films
in mechanically adaptive systems.63 In this dissertation, we use this dissolution process
to develop a better understanding on the effects of mechanical stimuli on the surface
stability of plasma oxidized PDMS films (Chapter 1). Further, we apply this etching
process for the design of superhydrophobic surfaces (SH) with mechanically tunable fluid
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adhesion (Chapter 2), for the fabrication of hierarchically structured topographical
patterns (Chapter 3), and development of mechano-activated systems (Chapter 6).
1.4 Surface Instabilities (Cracking) on Oxidized Silicone Surfaces
Natural materials have evolved an array of interfacial effects (e.g., surface
instabilities and surface micro-/nano topography on plants for self-cleaning) to combat
the constantly changing environmental conditions for survival. Scientists in the past few
decades have looked to nature (e.g., lotus leaf37) for inspiration in designing modern day
materials (e.g., soft robotics,26 adaptive interfaces,66 and stretchable electronics1). In the
case of adaptive silicone materials, biomimetic surface instabilities (cracks and wrinkles)
are some of the key interfacial properties frequently employed due to ease of fabrication.
Synthetic materials that leverage surface instabilities have been used in array of
technologies including adaptive adhesives,68 sensors,69 anti-icing,70 water-repellency,71
and flexible electronics.1 In this section, we elaborate on the evolution and propagation
of 1-dimensional linear surface cracking on oxidized silicones. A second type of surface
instabilities (mechanical buckling/wrinkling) is discussed in Chapters 4 and 5.
Surface cracking is an irreversible process where an interface becomes unstable
due to mechanical effects (e.g., tension). Although silicone elastomers are not brittle,
they can crack, fracture, or even tear due to environmental effects or physically applied
strain (e.g., load bearing or tensile strain).72 As noted previously, elastic silicones are
inert and are often subjected to oxidation procedures (UVO or plasma) to
activate/derivatize the surface and impart unique properties and/or chemistry. As a result,
crack formation on the surface of oxidized silicones often proceeds following the
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application of mechanical strain (where strain is ε, defined below) or storage in ambient
conditions.73–75
ε =

𝛥𝐿

(1.4)

𝐿

where L is defined by the unstrained length of the film and ΔL is the change in film
length following mechanical deformation. Crack formation transpires due to a
mechanical property mismatch between the brittle oxide film (f) and the elastic/soft
silicone polymer substrate (s). According to linearly-elastic fracture mechanics, a surface
crack forms when a critical strain, εc, is reached. This critical strain strongly depends on
the film’s thickness (h) and the mechanical properties of the material and interface as
shown:73–75
𝐸̅

Γ

𝑓 0.05
εc ≈ 1.17 (𝐸̅𝑠 )0.885 (ℎ̅̅̅̅
)
𝐸
𝑓

𝑠

(1.5)

here Γf is the film’s toughness, 𝐸̅𝑠 is the modulus for a thick and compliant substrate, and
𝐸̅𝑓 is the modulus in plane stress for the brittle film where 𝐸̅ = E/(1-v2) and v is the
Poisson ratio of the material. The Poisson ratio is the measure of material deformation in
the orthogonal direction to the applied tensile strain and is denoted by:
v =

𝛥𝐿
𝛥𝐿′

(1.6)

where 𝛥𝐿′ is the change in the film dimension in the orthogonal direction to strain. For
elastic silicones v ≈ 0.5. Above this critical strain, a series of quasi-periodic cracks begin
to emerge orthogonal to the direction of strain (Figure 1.2). 73–75 Here, the crack spacing
(λ) is directly proportional to h and inversely proportional to the yield stress (Eq. 1.6).
λ =

2𝜎𝑐 ℎ
𝜏

(1.7)
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Where, τ is the yield stress and σc is the minimum stress required for crack
propagation.74,75 Surface anisotropy and polymer heterogeneity may also be utilized to
control crack propagation and geometry and in designing adaptive materials.73,76
One-dimensional crack propagation is highly dependent on the material properties
of the surface/film and the applied strain conditions (Eq. 1.5 to 1.7). In instances where
the materials properties are held fixed (due to precise procedural processes), then the
inputted mechanical stimuli/forces dictate crack propagation and periodicity.73–75
Furthermore, when these mechanical parameters (i.e., rate of strain, duration of strain,
and magnitude of strain) are kept constant then a quasi-stable cracked surface is achieved.
Thus, the emergence of new cracks is halted after sufficient tensile strain
application/cycling with fixed stimuli conditions. Hence, surface cracking on the elastic
film can be reversibly elongated through mechanical deformation, thereby enabling their
use in intelligent and adaptive materials. In this dissertation, we utilize irreversible crack
formation for wettability switching and the generation of wettability patterns and
gradients (Chapter 1). Additionally, we apply these quasi-stable cracked silicone surfaces
towards the design and fabrication of a superhydrophobic film with mechano-switchable
fluid adhesion (Chapter 2).
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Figure 1.2. Mechano-induced crack formation.
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1.5 Stability of Oxidized Silicone Surfaces
Silicone elastomers are used in a variety of applications (i.e., microfluidics) that
necessitate the generation of surfaces with precisely tunable chemistry, properties, or
morphology. The stability of these surfaces is integral to their function/application and
has been studied extensively.59,62,77–80 Despite these extensive studies, the gradual loss of
wettability (known as hydrophobic recovery) of oxidized silicone surfaces is well
reported and remains controversial. In this section, we briefly discuss this hydrophobic
recovery phenomena and its impact on material function and surface properties.
The surface properties/wettability of silicones are often characterized through
water contact angle measurements (WCA). Contact angle measurements are easily
performed by measuring the tangent angle of a liquid droplet to the solid surface. The
contact angle measurement quantifies the wettability of a liquid on a solid surface
through the Young equation (1.8).81
γSG = γSL + γLG cos θ

(1.8)

where γSG denotes the solid-gas surface tension, γSL is the solid-liquid surface tension, γLG
is the liquid-gas surface tension, and θ is the contact angle of the droplet to the surface
(Figure 1.3). Contact angle measurements are strongly influenced by changes in surface
chemistry and topography.
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Figure 1.3. Contact Angle of a Liquid Droplet on a Solid Surface.
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Silicone elastomers (i.e., PDMS) are generally hydrophobic (WCA > 90°) due to
hydrocarbon moieties in the polymer chemistry.46 When these materials are oxidized
(UVO or plasma), the surface energy increases due to the associated surface chemical
changes (generation of SiOH and SiO2). These SiOH and SiO2 groups are polar and form
favorable Van der Waal interactions with water (hydrogen bonding and dipole-dipole).
Consequently, the surface becomes hydrophilic and its wettability increases (WCA <
90°). However, this high energy surface slowly (on the order of days to hours) decreases
in wettability (depending on storage conditions).59,62,77–80 For the sake of simplicity, we
will exclusively consider hydrophobic recovery effects on polydimethylsiloxane (Sylgard
184™)—the silicone polymer utilized throughout this dissertation.
To understand the hydrophobic recovery effects of oxidized PDMS films, we
must consider the fabrication process of films based on the Sylgard 184™ formulation.
PDMS comes as a two-part kit consisting of vinyl terminated dimethylsiloxanes
monomers with proprietary silica particle fillers and a platinum catalyzed curing agent
filled mostly with short hydride siloxane chains. When these two components are mixed
and cured, a soft and hydrophobic PDMS film is obtained. The PDMS film is elastic
(with well-established mechanical properties),82 optically transparent, and contains
uncured oligomers in the polymer matrix.83 Following surface oxidation, it is
hypothesized that the time-induced hydrophobic recovery is caused by many
factors.59,62,77–80 These include the migration of uncured (hydrophobic) oligomers from
the polymer matrix to the surface which migrate slowly and cause a gradual decrease in
surface wettability. Further, the high energy surface may rearrange due to mobile
polymeric chains. During this rearrangement process, polar surface moieties move from
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the surface to the polymer matrix while small hydrophobic chains reorient to the surface.
These processes may induce mechanical strain on the brittle film and surface cracking of
the oxide layer can occur. The stress-induced cracks (nano/micro dimensions) increase
surface roughness which also reduces the surface wettability. The high reactivity of
surface silanol groups may lead to the ambient adsorption of contaminants or even
surface condensation reactions which further decrease wettability. In total, the
combination of these effects contribute to the gradual hydrophobic recovery of an
oxidized PDMS surface.59,62,77–80 The stability of oxidized PDMS surfaces can be
enhanced through storage in aqueous environments.79 This enhanced stability arises due
to solvent interactions with the surface (primarily hydrogen bonding), thereby
decelerating monomer migration and rearrangement, reducing the migration of uncured
monomers to the surface, and preventing the desorption of contaminants. Thus,
hydrophobic recovery effects of silicones must be considered with particular emphasis
placed on the desired application(s).
1.6 Effects of Mechanical Stress on Silicone Surface Chemistry
Despite the prevalence of these reports addressing hydrophobic recovery of
silicone elastomers, there remains limited literature focused on the effects of mechanical
stress on the surface chemistry of silicone elastomers.58 Recognizing the importance of
silicone surface chemistry to “stretchable” and adaptive technologies, we worked to
elucidate the surface-chemical changes to plasma-oxidized silicone elastomers that are
associated with mechanical stress. These efforts will enhance our ability to design
silicone-based technologies with functionality optimized to use and/or mitigate mechano-
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chemical changes, which can be localized to regions of high stress or distributed over
large areas.
In these investigations, we chemically modified the surface of PDMS films, and
subjected them to controlled amounts of tensile stress while monitoring the surface
chemical changes using contact angle measurements (CA), X-ray photoelectron
spectroscopy (XPS), and gas chromatography-mass spectrometry (GC-MS). We
discovered that the application of mechanical stress to oxygen-plasma-treated PDMS
resulted in the “on-demand” restoration of the hydrophobicity of the films. We utilized
these understandings to develop a simple method based on the rational application of
mechanical stress that enabled the rapid manipulation of surface wettability and thus the
generation of precise patterns of wettability and wettability gradients on elastomeric
films. Unlike traditional methods, mechanical stress enables the use of a range of new
process variables to control surface wettability (e.g., the number of stress cycles,
magnitude of strain, and duration of the applied stress). Furthermore, mechanical stress
is a method that does not rely on surface-chemical reactions or additional vacuum
processing technologies (e.g., plasma or reactive ion etching) to alter surface chemistry.
Controlling wettability is important to a range of applications including: surface
coatings for thermal management,84 printing media for controlling the spreading of ink,85
microfluidic devices,86 biomedical devices,87 self-cleaning technologies,88 adhesives,88
and more generally, processes that depend on heterogeneous chemical interactions at the
surface (e.g., the assembly and manipulation of droplets).88–90 Traditionally, wettability
patterns are produced using soft lithography, chemical modifications, microcontact
printing, etc.85 Techniques that facilitate control of wettability or provide more robust
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modifications will have significant implications to many technologies including
stretchable/wearable electronics and sensors,39 soft robotics,25 microfluidic devices,11,91
smart mechano-sensing materials,48 etc.
The surface wettability of silicone elastomers (e.g., PDMS) has been extensively
investigated.59,62,77–80 CA measurements have been correlated to surface free energies,
and by extension chemistry, through Young’s equation.92 These understandings have
been used, for example, to optimize the bonding strength of plasma oxidized PDMS to
glass and silicon in microfluidic devices. As previously noted, PDMS surfaces can be
rendered hydrophilic using plasma or UVO oxidation schemes, but these surfaces slowly
(on the order of hours to days, depending on conditions, temperature, atmosphere, etc.)
undergo hydrophobic recovery (section 1.5).59,62,77–80 Despite the range of reports on this
topic, the influence of mechanical stress on hydrophobic recovery of oxidized PDMS has
been relatively unexplored.58 Considering that mechanical stress in silicone elastomers is
known to influence the arrangement and packing densities of self-assembled
monolayers,37 modulate wettability,27 and tune reactivity,27 we hypothesized that
mechanical stress would be very important to the process of hydrophobic recovery. In
this following section, we investigate mechanically induced hydrophobic recovery of
oxygen plasma treated PDMS, and demonstrate the utility of this method for the rapid
tuning, switching, and patterning of surface wettability.
1.7 Experimental Design
Oxygen plasma is commonly used to generate oxidized (hydrophilic) PDMS
(PDMS-OH) in microfluidics, and is generally the first step in surface derivatization
schemes.63,93–95 Here, we systematically applied mechanical stress to PDMS-OH films
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while monitoring the chemical changes of the surface using CA, XPS, and GC-MS.
Specifically, we used CA measurements, a method for the characterization of surface
wettability and by extension surface energy,92 to assess the properties of these films in a
high throughput fashion. We used water as the probing liquid in CA as it is a common
solvent in the surface derivatization of silicone elastomers and ubiquitous in microfluidic
devices. Furthermore, water does not swell silicone elastomers significantly.51 We used
XPS, a surface-sensitive technique for quantitative elemental analysis, to measure
chemical changes in the PDMS-OH surface that CA measurements do not provide.
Uncured monomers have previously been shown to contribute in the hydrophobic
recovery of aged silicone elastomers.52,62 To elucidate the role of uncured monomers in
the hydrophobic recovery of mechanically stressed PDMS-OH films, we used GC-MS to
detect trace amounts of uncured monomers that migrated from the bulk to the film’s
surface as a result of mechanical stress.96 We conducted these measurements on asprepared PDMS films as well as films that were cleared of uncrosslinked monomers
using an extraction procedure (extracted PDMS, ePDMS).97
We created wettability patterns to demonstrate the applicability of mechanical
stress to the generation of surfaces with heterogeneous wettability. More broadly, since
surface chemistry/microstructure influences various interfacial properties, such as
adhesivity, reactivity, permeability, etc.,27,37,88 the generation of local variations in
surface characteristics could represent new opportunities in surface-chemical/structural
transformations. Specifically, we utilized 3D-printed relief structures to selectively stress
the films and create wettability patterns. We visualized these patterns using surface
wettability visualization (SWAV), a technique for visualizing wettability patterns and
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gradients using microdroplets.

94

Furthermore, we used mechanical stress to fabricate

wettability gradients. Again, we used 3D printed relief patterns to control stress on the
films and by extension the steepness of the gradients. Wettability gradients are known to
induce droplet motion,10,98 and are therefore important due to their potential application
in surface fluidics,95 transport devices,95 and moisture management.99
1.8 Switching Surface Wettability via Mechanical Stimulus
We first demonstrated the ability to switch the surface wettability of PDMS-OH
films homogeneously using mechanical stress (Figure 1.4A, B). The first stress cycle
induced the greatest magnitude of hydrophobic recovery of the PDMS-OH films as
measured by a change in CA of 44° (5 ± 3° to 49 ± 3°; Figure 1.4B). After 50 stress
cycles, a wettability “plateau” was observed at a water CA of 90 ± 3° for PDMS-OH.
This mechano-activated hydrophilic to hydrophobic switching occurred in minutes (a rate
that is orders of magnitude faster than prior reports of aged PDMS), and it could be faster
if more rapid extension rates were used.
To probe the influence of uncured monomers which, as noted previously, play a
role in the hydrophobic recovery of aged silicone films, uncrosslinked components were
extracted from cured PDMS films using triethylamine, ethyl acetate, and acetone, in
series (see appendix XXX,).97 Hydrophobic recovery of oxidized monomer-extracted
PDMS (ePDMS-OH) persisted with mechanical stress although the observed wettability
plateau was lower than that for PDMS-OH (75 ± 3° versus 90 ± 3° for ePDMS-OH and
PDMS-OH, respectively), suggesting that uncured monomers play a minor role in the
rapid, mechano-induced hydrophobic recovery of PDMS (Figure 1.4C). We thus
believed that surface cracking of the brittle oxide layer, as observed in previous
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reports,

must be the primary reason for the observed mechano-induced hydrophobic

recovery while migration of uncured monomers through cracks in the brittle over-layer
played a minor role (as will be supported further below).
We also investigated the effect of the duration of stress on hydrophobic recovery
of PDMS-OH and ePDMS-OH films. We stretched the films to ε = 1.0 and maintained
strain for increasing amounts of time (Figure 1.4D, E) observing a rapid change in
wettability within 60 s. After 1200 s, we measured the CA for PDMS-OH and ePDMSOH at 95 ± 2° and 87 ± 3°, respectively (values that were comparable to 20 or more
consecutive stresscycles, ε = 1.0). The magnitude of strain also influenced hydrophobic
recovery of PDMS-OH films—larger magnitudes of strain enhanced hydrophobic
recovery (Figure 1.5). The rate of strain did not change the general trends in hydrophobic
recovery (Figure 1.6). Additionally, hydrophobic recovery of mechanically stressed
films over time was enhanced within the first two hours following stress when compared
to unstressed films (Figure 1.7).
1.9 Mechanically Induced Surface Cracking
As has been previously reported,58,63 mechanical stress induces surface cracking
in PDMS-OH films. Both confocal microscopy and AFM analysis confirm the formation
of cracks in the PDMS-OH films (Figure 1.8-1.11). Specifically, confocal microscopy
showed that cracks formed during the first stress cycle, remaining relatively constant with
time/subsequent cycles (Figure 1.10), and AFM showed a distinct change in surface
morphology and an increase in surface roughness (Ra) from 0.545 nm to 2.108 nm
following mechanical stress cycling of PDMS-OH films (50 cycles at  = 1.0, Figure
1.11). Further, XPS analysis of the substrates following increasing numbers of stress
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cycles showed an increase in the surface carbon content and a corresponding decrease in
surface oxygen content while the silicon content remained relatively unchanged (Figure
1.4F, G). A significant change in the surface atomic composition occurred within 10
stress cycles (for both PDMS-OH and ePDMS-OH) which can be attributed to surface
cracking of the brittle oxide carbon while decreasing in oxygen following mechanical
stress. This observation was expectedly different than that of unoxidized PDMS (Table
1.1), where surface cracking does not occur, and we measured no changes in surface
wettability or chemical composition.
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Figure 1.4. Mechanically induced hydrophobic recovery of oxidized PDMS (PDMSOH) films. A) Schematic illustration of the oxidation and mechanical deformation of
PDMS films. B-C) Contact angle of PDMS-OH and monomer-extracted PDMS-OH
(ePDMS-OH) films following cycles of mechanical stress (ε = 1.0 at 1,000 mm/min). DE) Contact angle of PDMS-OH and ePDMS-OH films following a single cycle of
mechanical stress (ε = 1.0 at 1,000 mm/min) where the films were held at maximum
strain for increasing amounts of time. F-G) XPS analysis of PDMS-OH and ePDMS-OH
films following cycles of mechanical stress (ε = 1.0 at 1,000 mm/min).
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Figure 1.5. Hydrophobic recovery of PDMS-OH at varying magnitudes of strain.
PDMS substrates were strained at a rate of 1000 mm/min, and water contact angle
measurements were obtained using 1 µL DI H2O (N = 9).
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Figure 1.6. Hydrophobic recovery at varying rates of deformation. Hydrophobic
recovery of PDMS-OH at different rates of strain after 1 stress cycle (●) and 10 stress
cycles (∆). Contact angle measurements were obtained using 1 µL DI H2O droplets, and a
total of 9 droplets were analyzed from multiple substrates.
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Figure 1.7. Hydrophobic recovery of stressed PDMS-OH films. Contact angle
variations of stressed PDMS-OH films stored under ambient laboratory conditions (ε =
1.0, rate = 1000 mm/min).
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Figure 1.8. Confocal Micrograph of an unstressed PDMS-OH film. Confocal
micrograph of an unstrained PDMS-OH film (ε = 0).
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Figure 1.9. Mechanically Induced cracking of stressed PDMS-OH. Confocal
micrograph of a strained PDMS-OH substrate (ε = 1.0). The film was imaged while
strained to enhance the visibility of the microcracks.
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Figure 1.10. Evolution of surface cracking of PDMS-OH films following increased
numbers of stress cycles. Quantification of surface crack density following mechanical
stress cycles (ε = 1.0). Inset are representative confocal micrographs of the analyzed
PDMS-OH films (ε = 1.0).
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Figure 1.11. Atomic force microscopy of stressed PDMS-OH films. A) Atomic force
micrograph of an unstressed PDMS-OH film. B) Atomic force micrograph of a
mechanically stressed PDMS-OH film.
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Table 1.1 Contact angle and chemical composition analysis by XPS of bulk 10:1 PDMS
and ePDMS before and after mechanical stress cycling at a rate of 1000 mm/min for 50
cycles (ε = 1.0).
Substrate Stress

PDMS

ePDMS

O

C

Si

Contact

Cycles

Atomic %

Atomic %

Atomic %

Angle °

0

29.8

43.3

26.9

118 ± 2

50

29.6

43.5

26.9

119 ± 2

0

28.5

44.5

26.9

118 ± 2

50

28.4

44.8

26.8

118 ± 2

31

1.10 Migration of Uncured Monomers to the Surface
The applied tensile stress resulted in orthogonal compressive-stress on the
elastomer due to the Poisson effect, presumably driving displacement of uncured
monomers from the bulk towards the film’s surface where they could contribute to
hydrophobic recovery.62 To further support our assertion that this effect was a minor
contributor to hydrophobic recovery (compared to cracking) we measured the amount of
uncured monomers at the surface of stressed PDMS-OH and ePDMS-OH films after one
stress cycle using a GC-MS procedure (Figure 1.12A). We detected a 2.5 fold increase in
siloxane monomer concentration on the surface of the mechanically stressed PDMS-OH
substrate when compared to unstrained PDMS-OH (Figure 1.12B). The majority
component (6.49 min. retention time) was identified as dodecamethylpentasiloxane
(Figure 1.12B and Figure 1.13).29 The remaining peaks can be characterized as siloxane
monomers according to their common ionic fragments, consistent with prior reports
(Figure 1.12B and Figure 1.13).96 In contrast, for ePDMS-OH, we did not detect uncured
monomers on the surface (where the limit of detection was 25 ng/cm2, Figure 1.14)
following mechanical stress (Figure 1.12C). Despite the lack of detectable monomers on
the ePDMS-OH surfaces, a significant amount of hydrophobic recovery was still
observed in mechanically stressed ePDMS-OH films (Figure 1.4C, E), indicating that the
wettability change must be mainly due to the presence of the observed surface cracks (an
Ra increase from 0.417 nm to 1.485 nm was observed using AFM and confocal
microscopy again showed significant crack formation Figure 1.11 and 1.15-1.17). We
therefore believe surface cracking of the brittle oxide layer to be the principal cause for
the observed mechano-induced hydrophobic recovery of oxidized silicone elastomers.
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We do not rule out migration of uncured monomers (at levels below our limits of
detection in GC-MS) from the bulk towards the surface as a contributing factor, but our
results indicate that it is a minor effect compared to the influence of cracking. More
specifically, as surface crack density dramatically increased during the first stress cycle,
remaining virtually unchanged from cycles 20 to 50 (Figure 1.10, we can attribute the
increased hydrophobicity observed for films subjected to several (>20) stress cycles to
these time-dependent processes (monomer diffusion and surface rearrangement), which
are enhanced by mechanical stress (Figure 1.4D, E). We note that it is well known that
surface microtopography, such as microcracks, heavily influences the hydrophobicity of
PDMS films.15
It is possible to etch away the brittle silica layer that is formed during plasma
oxidation via chemical dissolution.63 Hydrophobic recovery of mechanically stressed,
etched PDMS-OH substrates was still observed (Figure 1.18), albeit to a lesser degree
than non-buffer treated PDMS-OH (CA changes of 47 ± 4° versus 85 ± 3°, respectively).
In this case, hydrophobic recovery must be attributed to the migration of uncured
monomers from the bulk to the surface as well as surface rearrangement (Figure 1.19),
which has previously been suggested. 59,62,77–80 Furthermore, we demonstrated the ability
to revert the film’s wettability to its original state after undergoing mechanical stress
cycling by treating the films with oxygen plasma (Figure 1.20). We repeated this
hydrophobic to hydrophilic switching for a total of 5 cycles at low and high strain (0.2
and 1.0, respectively; Figure 1.20). We observed no significant wettability hysteresis
after each cycle.
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Figure 1.12. Mechanically induced migration of free monomers. A) Schematic
illustration of the sampling scheme. B) Gas chromatogram of an unstressed and
stressed (ε = 1.0, rate = 1000 mm/min) PDMS-OH film (inset are representative mass
analyses). C) Gas chromatogram of an unstressed and stressed (ε = 1.0, rate = 1000
mm/min) ePDMS-OH film.
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Figure 1.13. Gas chromatogram with mass analysis. A) Representative mass analysis
of the majority component at retention time = 6.49 min in the gas chromatogram B). The
compound was identified as dodecamethylpentasiloxane.
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Figure 1.14. Trimethylphenylsilane GC calibration. Linear regression plot of
trimethylphenylsilane used to quantify the amount of siloxanes extracted from PDMS
films.
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Figure 1.15. Confocal Micrograph of an unstressed ePDMS-OH film. Confocal
micrograph of an unstrained ePDMS-OH film (ε = 0).
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Figure 1.16. Microscopy image of stressed ePDMS-OH. Confocal micrograph of a
strained ePDMS-OH substrate (ε = 1.0) showing surface cracks. The film was imaged
while strained to enhance the visibility of the microcracks.
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Figure 1.17. Atomic force microscopy of stressed ePDMS-OH films. A) Atomic force
micrograph of an unstressed ePDMS-OH film. B) Atomic force micrograph of a
mechanically stressed ePDMS-OH film.
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Figure 1.18. Hydrophobic recovery of buffer-treated PDMS-OH. Buffer-treated
PDMS-OH substrates were strained at a rate of 1000 mm/min (ε = 1.0). 1 µL DI H2O
droplets were used for contact angle measurements (N = 9).
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Figure 1.19. Hydrophobic recovery of buffer treated ePDMS-OH. Buffer-treated
ePDMS-OH substrates were strained at a rate of 1000 mm/min (ε = 1.0). 1 µL DI H2O
droplets were used for contact angle measurements (N = 9).
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Figure 1.20. Wettability switching of PDMS-OH films. A) The change in water contact
angles following cycles of mechanical stress and plasma oxidation at low strain (0.2) and
high strain (1.0). B) Optical micrographs of a 1 µL water droplet highlighting the
reversibility changes upon each cycle.
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1.11 Generation of Surface Wettability Patterns
We applied our understandings of mechano-activated hydrophobic recovery to
generate wettability patterns (heterogeneous patterns and gradients) using rationally
controlled stress fields. To illustrate this concept, small regions of PDMS-OH films were
mechanically stressed to different magnitudes using a mechanical tensioning device,
inducing a controlled wettability change in the strained region (Figure 1.21A). We
demonstrated the ability to generate various wettability profiles using different strain
magnitudes/cycles indicating the simplicity of rapidly switching the wettability of
subsections of the PDMS-OH films (Figure 1.21B, C).
Additionally, by 3D printing different relief structures we generated millimeter to
micrometer scale wettability patterns on the surface of the oxidized silicone elastomer
using vacuum forming techniques (Figure 1.22A). Briefly, we placed 100 µm thick
PDMS-OH films on 3D-printed relief structures and deformed the substrate by applying
vacuum which induced localized mechanical strain, resulting in the formation of different
wettability zones that we visualized using SWAV (Figure 1.22B, C). The surface
wettability patterns were also visualized by depositing dyed microdroplets which color
the PDMS films following evaporation (Figure 1.23 and 1.24). These wettability patterns
were clearly visible up to 24 hrs. after fabrication, and their stability was prolonged when
stored in water (Figure 1.25). Furthermore, it is worth noting that surface cracks
generated by stress scatter visible light and result in translucent PDMS-OH and e-PDMSOH films.
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Figure 1.21. Mechanically generated heterogeneous wettability zones on silicone
films. A) Schematic illustration for the generation of multiple zones of distinct
wettability on PDMS-OH films. B-C) Optical micrographs of representative films
produced using different variations of the procedure shown in panel A. B) (zone 1,
unstressed; zone 2, ε = 1.0 for 1 cycle; zone 3, ε = 1.0 for 20 cycles). C) (zone 1,
unstressed; zone 2, ε = 1.0 for 5 cycles; zone 3, unstressed) (scale bars 1 mm).
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Figure 1.22. Mechanically generated wettability patterns on silicone films. A)
Schematic illustration of the use of vacuum forming to pattern wettability on PDMS-OH
films. B) Optical micrograph of a 3×3 array of 2 mm “N” patterns visualized using
SWAV (scale bar = 5 mm). C) Stitched optical micrograph of the area indicated by the
zoom box in panel B (scale bar = 1 mm).
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Figure 1.23. Large scale patterning on PDMS-OH surfaces. A) Procedure for
visualizing wettability patterns. B) An optical image of an array of 1 µL DI H2O (1000
ppm red dye) deposited on the surface of a mechanically strained PDMS-OH surface
(scale bar 10 mm).
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Figure 1.24. Solid patterning on PDMS-OH surfaces. A) Procedure for visualizing
wettability patterns via evaporation of a red dye solution. B) An optical image of red dye
particles evaporated on the surface of mechanically stressed PDMS-OH.
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Figure 1.25. Stability of wettability patterns. A-B) Optical images of an “N”
wettability pattern stored under ambient laboratory conditions and in water, respectively.
The hydrophobic zone was generated using mechanical deformation and visualized using
SWAV.
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1.12 Generating Wettability Gradients
Incremental changes in ε from 0 to 1.0 of a PDMS-OH film resulted in gradual
hydrophobic recovery, providing a means to generate wettability gradients (Figure
1.26A). To achieve this outcome in one step using the vacuum forming procedure
described above, we 3D-printed two “ramps” with different horizontal lengths (L),
heights (H), and ramp angles (Φ), and deformed PDMS-OH substrates into the relief
structures inducing gradual increases in strain of the film (Figure 1.26B). Using this
procedure, we synthesized a 10 mm wettability gradient (ramp dimensions: L = 10 mm,
H = 4 mm, Φ = 21.8°; Figure 1.26C). Additionally, we produced a sharper wettability
gradient over a shorter distance (L = 6.0 mm) which were capable of transporting
droplets (Figure 1.26D). The water droplets moved from an area of high strain (low
wettability) to an area of low strain (high wettability) at a rate of 14 ± 1 mm/s.
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Figure 1.26. Mechanically generated wettability gradients. A) Contact angle of
PDMS-OH films after 1 stress cycle at increasing magnitudes of strain (rate = 1000
mm/min). B) Schematic illustration of the generation of wettability gradients on PDMSOH surfaces using vacuum forming. C) Optical micrograph of 1 µL water droplets on the
surface of a mechanically generated wettability gradient (ramp dimensions used in
forming: L = 10 mm, H = 4 mm, and Φ = 21.8°). D) Optical micrographs of a 3 µL H2O
droplet traveling along a mechanically generated wettability gradient (ramp dimensions
used in forming: L =6.0 mm, H = 4 mm, and Φ = 21.8°).

50

1.12 Conclusion
In summary, we investigated the effects of mechanical stress on oxidized silicone
films and demonstrated that these surfaces undergo immediate and irreversible
hydrophobic recovery upon mechanical stress. We attribute hydrophobic recovery to
three processes: surface cracking of the brittle oxide layer, displacement of uncured
monomers from the bulk to the surface, and rearrangement of surface functional groups,
where surface cracking is most significant. We used this understanding to develop a new
method to control and switch the wettability of oxidized silicone elastomeric films
rapidly, enabling the simple, rapid, and rational generation of surface wettability patterns
and wettability gradients of various dimensions that can control droplet motion.
Following this methodology, we can tune surface wettability using a range of new
processing parameters related to mechanical stress (e.g., the number of stress cycles,
magnitude of strain, and duration of stress).
Although oxidized PDMS films undergo hydrophobic recovery over time, this
effect can be minimized with proper storage considerations along with extraction of
uncured siloxane monomers.100 This work focused primarily on the hydrophobic
recovery of uniaxially stressed, plasma oxidized silicone films, but other oxidation
procedures (e.g., UVO) could be applicable, and more complicated stress profiles (e.g.,
biaxial, equiaxial, or combinations thereof) could be employed. These findings directly
impact researchers working in soft robotics, stretchable electronics, surface coatings,
microfluidics, and smart and adaptive materials, where plasma-based oxidation schemes
are commonly used. Furthermore, the ability to control and manipulate surface
wettability using mechanical stresses could potentially lead to the design of novel
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adaptive materials such as switchable sensors, mechano-activated adhesives, switchable
water-repellent surfaces, etc.
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CHAPTER 2
MECHANICALLY TUNABLE SUPERHYDROPHOBIC SURFACES
ENABLED BY THE RATIONAL MANIPULATION OF MICROCRACK
NETWORKS IN NANOPOROUS FILMS

Adaptive materials with tunable superhydrophobic surfaces promise to impact a
range of fluid handling technologies; however, adaptive superhydrophobic materials
remain difficult to fabricate, control, and switch rapidly. Here, a versatile method for
generating hierarchically structured and adaptive superhydrophobic silicone films for the
rational control of surface wettability and droplet adhesion is reported. Specifically,
mechanical tension was utilized to manipulate networks of microcracks in nanoporous
layers supported on elastomeric silicone films, enabling dynamic modulation of
superhydrophobicity and droplet adhesion. The reported mechano-responsive
superhydrophobic surfaces were applied to directional droplet shedding and “no-loss”
droplet transport and used to generate artificial “skins” with droplet tweezing capabilities.
This approach provides materials with enhanced functionality useful to a range of
emergent technologies, including adaptive textiles, biocompatible (wearable) sensors,
soft robotics, anti-icing systems, “no-loss” droplet manipulators, and thermal
management devices.
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2.1 Introduction to Superhydrophobic Materials
The surface wettability of materials is important to numerous applications (e.g.,
coatings,1 anti-icing,2 etc.).1,3 As discussed in Chapter 1, the wettability of surfaces is
traditionally characterized through water contact angles (WCA). Here, the WCA
describes the interplay between the surface energies of the solid, liquid, and gas phases
via the Young’s equation.
γSG = γSL + γLG cos θ

(2.1)

One extreme state of wettability that was originally discovered from nature (e.g., lotus
leaf3) is identified as the superhydrophobic (SH) wetting state. Superhydrophobic
surfaces are extremely difficult to wet with water and are characterized by WCA > 150°.
To achieve such extreme wetting states, these materials must possess high surface
roughness and/or hydrophobic surface chemistries (i.e., low surface energy).1,3 Another
interesting aspect of SH surfaces is their variable liquid adhesion properties. Despite their
exceptionally low droplet contact, —a consequence of the low wettability and high
contact angle, SH surfaces can either have high (e.g., gecko foot) or low droplet adhesion
(e.g., lotus leaf). In the case of low droplet adhesion, water droplets readily slide off the
surface even at low tilt angles.4 These programmable properties which can be achieved
through careful tuning of the surface topography and/or chemistry have inspired
significant research into this topic for its application in water repellent technologies.1–6
Existing superhydrophobic (SH) materials are largely based on hard materials or
surface coatings that are mechanically rigid and non-complaint. Tuning the surface
properties (i.e., hydrophobicity and adhesion) of these materials has traditionally relied
on magnetic and electric fields,6–9 temperature,10 and pH.11 These stimuli can limit the
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response time of these materials, unnecessarily complicate control, and make fabrication
difficult. In contrast, mechanically-adaptive superhydrophobic surfaces based on
elastomeric materials with mechanically controlled wrinkles5,12 and microstructure13,14
offer simple, rapid control in compliant formats useful to, for example, droplet
manipulation and water repellency. However, surface instabilities (i.e., microcracks)
have limited the operational range of strain for these materials and sophisticated
fabrication procedures (e.g., ion etching and direct-write printing) have confined their
application space.
2.2 Fabrication of Mechanically Compliant Superhydrophobic Surfaces
In this chapter, we develop a versatile process for the fabrication of soft,
mechanically compliant, and tunable SH materials that was simple, scalable, and costeffective. These mechano-adaptive materials feature tunable wettability and droplet
adhesion with characteristics that surpass the limitations of existing materials. To
achieve these goals, we fabricated elastomer-supported, hierarchically structured surfaces
comprised of nanoporous films with networks of mechanically tunable microcracks.
Specifically, we oxidized silicone rubbers to generate a rigid silica interfacial layer
which, through the application of tensile strain, could be fractured along surface
instabilities to generate a network of microcracks. We then rendered this surface SH
through a simple chemical etching procedure which introduced nanoporosity in the silica
layer. Although the chemical oxidation (ultraviolet ozone, UVO) procedure introduced
polar functionalities onto the surface, which would typically increase wettability, the
hierarchical micro/nano-structuring afforded mechano-tunable superhydrophobic
properties that were readily manipulated using small magnitudes of force easily
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accessible through inexpensive motors/controllers or even biomechanical input from a
user.
We believe the unique combination of mechano-induced surface microcracks,
which have often been viewed as undesirable in adaptive systems owed to the difficulty
in predicting surface instabilities, and chemical etching, an extensively exploited process
to generate micro/nanotopography in superhydrophobic films,15–17 provides an exciting,
unexplored avenue in the field of adaptive SH materials with the potential to nucleate the
design of materials with new functionalities and applications. Unlike existing
procedures, combining the convenient processing of solution-phase etching and
mechanical deformation yielded a scalable, inexpensive fabrication scheme that can be
executed without lithography or other sophisticated patterning procedures. The resulting
mechano-adaptive, mechanically compliant/conformal SH material is directly applicable
to advanced, non-planar coatings useful to, for example, water shedding/repellency and
“no-loss” droplet manipulation for microreactor systems. We envision these findings will
affect various technologies, including wearable sensors, adaptive textiles, soft robotics,
and thermal management devices.
2.3 Adaptive Materials
Adaptive materials are stimuli-responsive materials that contain programmed
segments which respond to changes in their environment (e.g., temperature, pH, light,
etc.).18 These programmable materials have attracted significant attention due to their
beneficial applications in a number of technologies, such as microfluidics,19
microreactors,20 fluid transport systems,6,21,22 so-called “smart” materials,7,23,24 water
harvesting devices,25 antifouling coatings,26 and water repellant surfaces.14 Mechano-
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adaptive SH surfaces, a subset of the more broad category of adaptive materials, have
potential uses in advanced liquid handling systems (e.g., those which feature tunable
wettability5,14 and droplet adhesion13,27–29). For example, mechano-responsive materials
with tunable droplet adhesion have been applied to “no-loss” microdroplet transport—a
capability useful in surface fluidics and microreactor technologies.7,21,22,30 Soft mechanoadaptive SH surfaces, in contrast to those based on hard materials, feature mechanical
compliance and tunability and have been achieved using microstructures produced by
wrinkles,5 replica molding,13 and particle coatings.5,12 Yet, these systems can suffer
limitations from increased wettability associated with particle desorption or a limited
operational range of mechanical strain (e.g., wrinkle-based systems cannot exceed typical
pre-strain values of 0.4). Our approach aimed to overcome these limitations by focusing
on hierarchically micro/nanostructured silicone surface where the microdomains are
mechanically compliant. Further, the operational range of strain in our system is
predominantly dependent on the material’s mechanical properties (not pre-strain), which
can be tuned through careful selection of the elastomer support and/or experimental
controls.
2.4 Synthesizing Superhydrophobic Silicone Surfaces
In Chapter 1, we described the use of mechano-induced surface cracking to
control and surface wettability patterns. In another line of research, the cracking of brittle
interfaces was applied to the fabrication of SH films;31 however, to our knowledge, their
utility in mechano-responsive materials has not been realized. We expanded on the
fundamental underpinnings established in Chapter 1 and utilized adaptive surface
instabilities on PDMS films for generating soft mechano-responsive SH materials.
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PDMS, a soft and conveniently processed silicone elastomer, is commonly used in
stretchable electronics/sensors and soft robotics due to its favorable mechanical
properties (i.e., low Young’s modulus and elasticity). Moreover, silica layers susceptible
to mechanical microstructural modifications (e.g., the formation of microcracks) and
chemical etching to increase porosity can be readily generated on PDMS surfaces
following oxidation procedures (i.e., UVO or oxygen plasma). In the reported workflow,
we applied uniaxial mechanical strain to UVO-oxidized PDMS films to generate
networks of parallel microcracks with anisotropic surface structure. We then used
mechanical strain to control the microcrack network, thereby tuning crack density and
geometry. An in-plane, heterogeneous oxide gradient forms on the surface of PDMS
following oxidation with UVO.32 Therefore, we hypothesized that chemical dissolution
would enable the generation of nanoscopic roughness—a common consequence of
chemical etching—on the surface of UVO oxidized PDMS films. In addition to creating
nanoroughness, we believed that the chemical etching process would preferentially
remove the topmost hydrophilic/highly oxidized silica first, exposing the less
oxidized/more hydrophobic silica. These effects combined with the microcrack network
would work synergistically to yield a hierarchically micro-/nanostructured SH surface.
To select an appropriate etchant, we followed literature precedent (as elaborated
on in Chapter 1) which reported that briny and alkaline solutions accelerated the chemical
dissolution of silica through the hydrolysis of SiO2.33,34 Specifically, we used an alkaline
phosphate buffer (pH 12) as the etchant for the removal of silica from the surface of
oxidized PDMS. We further tuned the wettability/adhesion of the hierarchically
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structured films using hydrophobic fluorosilanes (perfluorooctyltrichlorosilane). In all
cases we monitored wettability changes using static water contact angle measurements.
2.5 Surface Characterization of the Chemically Etched PDMS Films
We measured surface wettability directly after oxidation (water contact angle,
CA, of 51 ± 3°) and following 3 hours of pH 12 phosphate buffer treatment (CA of 139 ±
3°), indicating that chemical etching lowered wettability below that of native PDMS (CA
118 ± 3°), approaching that of SH materials (Figure 2.1A). We observed no appreciable
change in surface wettability with more prolonged etching times. To gain more insight
into these observations, we proceeded to characterize the surface topography of the
chemically etched surface using scanning electron microscopy (SEM) (Figure 2.1B, C).
This analysis revealed that indeed the chemical etchant created a nanoporous/nanorough
surface (Ra = 420 ± 40 nm, Figure 2.1B), confirming our initial hypothesis. Specifically,
the surface roughness originated from two distinct nanoscopic features: nanoscopic
branches on the order of hundreds of nanometers and branch protrusions/bumps on the
order of tens of nanometers (Figure 2.1C). This nanoscopic topography and high surface
roughness explained the observed decrease in surface wettability as etching time
increased.
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Figure 2.1. Effect of chemical etching on surface wettability and topography of
oxidized PDMS. A) The effect of etching time on the surface wettability of UVO
oxidized PDMS. A 0.1 M phosphate buffer at pH 12 was used. B, C) Low- and highresolution SEM micrographs of a UVO treated PDMS surface after 3 h etching.
Nanoscopic protrusions/bumps and branches are labelled in panel C.
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2.6 Fabrication of A Mechanically Tunable Network of Microcracks
Having realized a simple procedure for the generation of surface nanoroughness,
we proceeded to create mechanically tunable microtopography, which is essential to
fabricating hierarchically structured and mechano-responsive SH silicone surfaces as
outlined above. Traditionally, mechanically tunable microtopography on elastomeric
films is achieved through mechanical buckling (or wrinkling), a topic that has been
extensively researched.35,36 Yet, investigations into creating/tuning SH surfaces with
mechano-dynamic properties through surface cracking, as emphasized here, remain
relatively unexplored.37
Numerous SH materials follow the Cassie-Baxter (CB) wetting state due to high
surface roughness and extremely low surface wetting.1,38 In this wetting state, the surface
wettability is governed primarily by the solid-liquid contact fraction (f), according to
equation 1:3,30
cos θr = fscos θs - fa

(1)

where θr is the apparent contact angle, fs and fa are the fraction of solid surface and air
surface in contact with water, respectively. Further, it is reported that the droplet
adhesion force (F) in the CB wetting state depends on fs according to equation 2:39
F = kIfs

(2)

where k is an adhesion constant and I depends on the surface chemistry of the polymer.
Thus, we expected that mechanical manipulation of the microcrack networks would
modulate the magnitude of fs and result in tunable wettability (equation 1) and droplet
adhesion (equation 2) on surfaces in the CB wetting regime.
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A brittle/hard film (i.e., silica) adjoined to a soft and elastic support (i.e., silicone
rubber) and exposed to sufficient mechanical stress will fracture along surface instability
zones. When the stress on the film arises from uniaxial tension then the surface will
crack in a predetermined pattern.40 Here, surface microcracking on mechanically
compliant supports depends on a number of variables including the thickness of the film
layer, mechanical properties of the elastomer support, and the applied stresses.40,41
Moreover, the stress-induced cracks appear orthogonal to the axis of strain and have a
predictable periodicity that depends on the yield stress of the hard interface.40,41
Therefore, the uniaxial deformation of these soft supports with hard interfaces results in
the formation of a parallel network of microcracks on the brittle surface. The repetitive
application of mechanical stress (at a constant strain and rate) results in crack saturation
and the formation of a mechanically stable film.40–42 Hence, we anticipated no significant
change in surface microcrack density following mechanical deformation using predefined stress conditions, enabling mechanically tunable surface microtopography that
was stable to repeated use cycles (as discussed further below).
2.7 Hierarchically Micro-/Nanostructured Surfaces
We combined mechanically generated microstructure with etchant-induced
nanostructure, where the microstructural component (i.e., the crack network) was tunable
using simple mechanical deformations, in the following streamlined procedure (Figure
2.2A). First, we exposed PDMS to UVO for 1 hr then mechanically stress cycled the
oxidized film to create a network of microcracks on the surface which afforded mechanotunable microroughness. Afterwards, we chemically etched the stress cycled film in 0.1
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M phosphate buffer (pH 12) for 3 hrs at 90 °C generating a nanostructured surface with
enhanced hydrophobicity.
We characterized the resulting hierarchically micro/nanostructured surface using
optical microscopy and SEM analysis (Figure 2.2B-D). Optical microscopy analysis
revealed the presence of parallel microcracks (crack density = 12.5 ± 0.7 mm-1) on the
surface of the mechanically stressed and chemically etched PDMS film (Figure 2.2A).
We measured a significant increase in surface roughness from Ra = 420 ± 40 nm (Figure
2.1B) to Ra = 2220 ± 220 nm (Figure 2.2C) following mechanical stress cycling and
microcrack formation. Furthermore, the integrity of the nanoscopic surface topography
was unaffected by mechanical strain (Figure 2.2C, D) thereby preserving the material’s
superhydrophobic properties. The end result was a SH PDMS film (SH-PDMS, CA =
151 ± 3°, Figure 2.3A, B) with surface wettability that is significantly lower than
nanostructured PDMS alone (Figure 2.3A, B).
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Figure 2.2. Hierarchical micro/nanostructure. A) General procedure for the fabrication
of hierarchically structured SH surfaces. B) A low-resolution optical micrograph (ε = 0)
of a hierarchically structured SH-PDMS film. B, C) A low and high-resolution SEM
micrographs (ε = 0) highlighting the nanoporous network of microcracks on the SHPDMS film.
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2.8 Characterization of Mechanically Tunable Superhydrophobic Films
We next sought to exploit the mechano-tunable microstructure to further control
the wetting properties (Figure 2.3A). Specifically, we decreased fs by stretching the film
(CB wetting, Figure 2.4), increasing crack width while decreasing crack density in the
process (Figure 2.5, 2.6). We measured a significant increase in the film’s
superhydrophobicity when held strained (CA = 164 ± 3° at ε = 0.8, Figure 2.3A) due to
the decrease in fs (Figure 2.7, equation 1) and emergence of wrinkles above ε = 0.4
(Figure 2.8), yielding a superhydrophobic PDMS film with mechano-switchable
wettability. It is important to note that we did not observe significant changes to the
surface nanoscopic features following cycles of mechanical deformations (Figure 2.9).
We further tuned the film’s surface wettability and adhesion by altering the
surface chemistry using a fluorosilane (FS) reagent (Figure 2.2A). Here, we measured an
increase in the film’s superhydrophobicity following fluorination (F-SH-PDMS, CA =
169 ± 2° at ε = 0, Figure 2.3A, B) and a significant change in water droplet adhesion, as
will be discussed further below. Additionally, we could once again mechanically tune
the surface wettability by decreasing fs, thereby, affording a surface with even greater
superhydrophobicity (CA = 176 ± 2° at ε = 0.8, Figure 2.3A). We attribute the film’s
extremely low wettability—which was maintained for months after fabrication (Figure
2.10)—to high surface roughness at the micro and nano scale, low surface energy due to
the surface chemistry, and low solid contact fraction when mechanically strained.
We investigated the effects of the chemical etching process and fluorosilane
derivatization on the chemical composition of the SH films and correlated them with the
measured surface properties. Here, we analyzed three distinct surfaces (UVO-PDMS,

77

SH-PDMS, and F-SH-PDMS) with X-ray photoelectron spectroscopy (XPS, Figure
2.3C). We measured a significant change in the surface chemical composition following
the chemical etching process (SH-PDMS, Figure 2.3C, D), where the surface oxygen
content (indicative of polar silanols with hydrophilic properties) decreased from 50.3 %
(UVO-PDMS) to 33.3 % after chemically etching for 3 hrs (SH-PDMS). Additionally,
we measured a sharp increase in the surface carbon content from 22.4 % to 40.3 %
(indicative of methylated moieties and hydrophobicity) while the silicon content
remained relatively unaffected by the etching process. The changes in the chemical
composition from the etching process in conjunction with the hierarchical surface micro/nanotopography contributed to the SH surface properties of the non-fluorinated film.
Furthermore, fluorination of the microstructured and nanoporous film (F-SH-PDMS)
drastically altered the surface atomic composition. Specifically, we measured a
significant decrease in the silicon, oxygen, and carbon contents to 12.0 %, 14.2 %, and
31.3 % respectively, and detected a substantial amount of fluorine on the surface (42.8 %,
Figure 2.3C, D). These surface chemical composition changes contributed to the film’s
superhydrophobic properties (Figure 2.3A, B).
Cycles of mechanical stress on oxidized silicone elastomers has been shown to
compromise the integrity of the surface (mainly through crack formation and monomer
migration).29 Therefore, we demonstrated the mechanical stability of the SH films
(focusing on SH-PDMS) fabricated using our approach through repeated cycles of stress
(Figure 2.11). We did not observe any significant change in the surface wettability (CA
= 151 ± 3°) or microtopography following repetitive stress cycles (Figure 4A, B, Figure
2.12). Although the wettability of the etched SH surface was mechanically stable, it was
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still susceptible to plasma oxidation. Specifically, the etched SH PDMS surface was
rendered hydrophilic (CA = 5 ± 3°, Figure 2.11C, D) after mild plasma oxidation. This
simple process enables the introduction of diverse functionality onto the roughened
surface and could be relevant to applications in heterogeneous catalysis and sensing.
Furthermore, following plasma oxidation, the surface superhydrophobicity could be
rapidly restored by chemical etching (0.1M phosphate buffer) for only 150 s at 90 °C
(Figure 2.11D). The chemically induced and rapid wettability switching was repeatable
(Figure 2.11D) and was attributed to changes to chemical composition of the surface, as
significant changes to surface topography was not observed (Figure 2.11E).
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Figure 2.3. Mechano-adaptive SH PDMS films. A) Change in water contact angle with
increasing magnitudes of mechanical strain. B) Optical micrographs of 5 µL water
droplets deposited on the different surfaces (e = 0). C) XPS survey spectra of the PDMS
films. D) Surface chemical composition analysis for panel C of the oxidized (UVOPDMS), stretched/etched (SH-PDMS), and stretched/etched/fluorinated PDMS films (FSH-PDMS).
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Figure 2.4. Water microdroplet in the Cassie-Baxter wetting state where visible light is
easily observed passing underneath the liquid droplet.
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Figure 2.5. Crack deformation with strain following stress cycling.
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Figure 2.6. Crack deformation with strain following stress cycling (50 cycles, ε = 0.8, rate
= 500 mm/s).
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Figure 2.7. Solid contact fraction of a liquid droplet with respect to strain.
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Figure 2.8. Wrinkle formation from Poisson compression. A) The measure wrinkle
amplitudes with respect to strain. B) A 3D optical micrograph rendering of the surface
wrinkles at ε = 0.4.

85

Figure 2.9. High resolution SEM analysis of the nanoscopic features on a strained (ε =
0.5) SH-PDMS film.
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Figure 2.10. A, B) Mechano-adaptive surface wettability of a F-SH-PDMS film
following storage for 150 days in ambient conditions at ε = 0 and ε = 0.8, respectively.
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Figure 2.11. Mechanical stability and surface regeneration. A) Surface wettability of
SH-PDMS following repeated cycles of stress (rate = 500 mm⋅s-1, ε = 0.8). B) Optical
micrograph of the hierarchically structured surface following 500 stress cycles. C)
Optical micrographs of water droplets illustrating the rapid/dynamic switching of surface
wettability following plasma oxidation and chemical etching. D) Contact angle
measurements following repeated plasma oxidation and chemical etching cycles. E)
High-resolution SEM micrograph showing the surface nanostructure of the SH-PDMS
surface following plasma oxidation.
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Figure 2.12. A) Stability of surface microtopography following repetitive stress cycling.
B) Overlayed optical micrographs from panel A (i) and A (iii) illustrating a near identical
match of the two surface microtopographies.
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2.9 Tunable Droplet Adhesion
We hypothesized that mechanical strain and surface chemical modifications
would significantly affect surface droplet adhesion by reducing fs (through deformation of
the microcrack network, Figure 2.13A) and the magnitude of I, respectively (equation 2).
To investigate this hypothesized mechano-tunable droplet adhesion, we quantified the
smallest droplet volume which slid off vertically oriented films (SH-PDMS and F-SHPDMS) at variable states of strain (Figure 2.13B). Specifically, we deposited droplets of
increasing volume on a horizontal film, slowly raising the tilt angle to 90° for each
volume and recorded the volumes which slid off the surface at a given strain state (Figure
2.13B). We measured a water droplet volume of 49 ± 2 µL at ε = 0. We then decreased
fs by increasing the strain state of the film observing a gradual decrease in the slide off
volume until a minimum water droplet volume of 24 ± 2 µL at ε = 0.8 was reached
(Figure 2.13B). This mechano-induced change—through crack widening (Figure 2.5,
2.6)—corresponded to a twofold decrease in the volume of adherent droplets.
Moreover, we observed a significant decrease in water droplet adhesion following
fluorosilane treatment (F-SH-PDMS, Figure 2.13B). In particular, 10 µL droplets
consistently slid off the F-SH-PDMS films well before a 90° tilt angle was achieved. We
thus proceeded to measure the sliding angle (SA) of 10 µL water droplets in two
directions (orthogonal and parallel to crack propagation) and at increasing magnitudes of
strain (Figure 2.13C). Interestingly, we measured anisotropic sliding angles (orthogonal
SA = 63 ± 3° and parallel SA = 41 ± 3° at ε = 0, Figure 2.13C) due to pinning effects at
the microcracks.43 This sliding property was mechanically tuned where the SA gradually
decreased in both directions with increased strain (Figure 2.13C). We attributed the
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mechano-induced reduction in droplet adhesion to the reduction in fs (equation 2).
Further, the magnitude of the SA anisotropy (the difference between the orthogonal SA
and the parallel SA) decreased from 23 ± 3° at ε = 0 to 5 ± 3° at ε = 0.8 (Figure 2.13C)
presumably due to reduced droplet pinning as crack density decreased (and separation
increased). We demonstrated directional droplet shedding capabilities by leveraging the
sliding anisotropy of these SH films (Figure 2.13D). Specifically, we deposited a 10 µL
water droplet on the surface of an unstrained film—the strain state with the greatest SA
anisotropy—and slowly tilted the film to 55° (an angle where orthogonal droplet sliding
was prevented and parallel sliding was enabled), so that the droplet was oriented
orthogonally to the microcrack network (Figure 2.13E). We then switched the orientation
of the droplet to the parallel direction by rotating the film 90° (while maintaining a 55°
tilt angle) causing the droplet to promptly slide off the surface (Figure 2.13E). It is worth
noting that the SA and surface anisotropy could be tailored by changing the orientation of
the surface cracks (e.g., via diagonal stress on the film during fabrication) or the addition
of new networks of microcracks (e.g., by using multi-axis tensioning devices during
fabrication).
To further highlight the dynamically tunable droplet adhesion properties of the
SH-PDMS and F-SH-PDMS films, we performed a bouncing droplet test. First, we
dropped a 10 µL water droplet on the SH-PDMS film from a 15 mm height at the
maximal and minimal states of mechanical strain probed in this work (ε = 0 and ε = 0.8,
Figure 2.14A, B). At ε = 0, the droplet latched onto the SH-PDMS surface without
rebounding, indicating high droplet adhesion (Figure 2.14A); however, upon stretching to
ε = 0.8, the droplet rebounded momentarily leaving a small residual trace on the surface (t
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= 0.01 s, height = 0.6 mm, Figure 2.14A) due to the reduced adhesion. This simple
demonstration highlighted a critical transition in droplet adhesion following the
application of mechanical stress. We repeated the bouncing droplet test on the unstrained
F-SH-PDMS film (Figure 2.14B). In this instance (at ε = 0), a 10 µL water droplet
released from a 15 mm height rebounded once for 0.02 s, reaching a bounce height of 1.9
mm (Figure 2.14B), thereby illustrating lower droplet adhesion than the SH-PDMS film.
We further demonstrated the mechano-tunability of droplet adhesion by stretching the
film to ε = 0.8. At this strain state, the water droplet bounced 4 times within 0.11 s,
reaching a maximum rebound height of 2.4 mm (Figure 2.14B).
We now aimed to demonstrate the ability of our process to yield adaptive
materials with mechano-tunable water shedding capabilities. To this end, we gently
released a 10 µL water droplet on tilted films (tilt angle = 1.5°) at variable strain states
from a 0.5 mm height (Figure 2.14C). At ε = 0, the microdroplet only slid 2.4 mm down
the sloped surface before it was pinned (Figure 2.14C). As we stretched the film, the
droplet sliding distance progressively increased to 6.0 mm at ε = 0.2 (Figure 2.14C)
eventually reaching a sliding distance greater than 16.5 mm at ε ≥ 0.4 (Figure 2.14C),
further highlighting the influence of mechanical tension (through deformations of the
microcrack network) on surface-droplet interactions. Based on the previously discussed
empirical observations (Figure 2.13A, B, and Figure 2.14), we are now able to rank the
relative droplet mechano-tunable adhesion properties of these films as follows: SHPDMS (ε = 0, high adhesion) > SH-PDMS (ε = 0.8, intermediate adhesion) > F-SHPDMS (ε = 0, low adhesion) > F-SH-PDMS (ε = 0.8, ultra-low adhesion).
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Figure 2.13. Mechano-adaptive droplet adhesion. A) Minimum droplet roll off
volumes from vertically inclined and mechanically strained SH-PDMS films. Insets:
optical micrographs of the droplets at ε = 0 and ε = 0.8. B) Sliding angle of a 10 µL water
droplet on F-SH-PDMS surfaces measured orthogonal and parallel to the microcrack
networks. C, D) Schematic and optical micrographs illustrating directional shedding of a
10 µL water droplet.
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Figure 2.14. Mechano-adaptive droplet rebound and slide off using SH PDMS films.
A, B) Time-sequence optical micrographs showing the bounce test of a 10 µL water
droplet released from a 15 mm height onto the surface of SH-PDMS and F-SH-PDMS at
ε = 0 and ε = 0.8, respectively. C) Time-sequence optical micrographs highlighting the
mechano-adaptive water repellency of the F-SH-PDMS film (tilt angle = 1.5°).
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2.10 Mechanically responsive superhydrophobic surfaces for the rational
manipulation of droplets
The manipulation and transfer of microdroplets is integral to several technologies
including microfluidics and bioanalysis. Having demonstrated the mechano-adaptive
surface wettability and droplet adhesion, we now highlight another critical functionality
of our system: “no-loss” microdroplet transfer (Figure 2.15). Here, we deposited a 5 µL
droplet on a strained (ε = 0.8) F-SH-PDMS film (ultra-low adhesion), and slowly raised
the surface until it contacted an unstrained (ε = 0) F-SH-PDMS film (low adhesion,
Figure 2.15A). The 5 µL water droplet was completely transferred to the unstrained film,
demonstrating “no-loss” liquid droplet transfer. Further, we demonstrated that
microdroplet transfer from the low adhesive surface (ε = 0) to the ultra-low surface (ε =
0.8) was not reversible despite the aided influence of gravity (Figure 2.15B). We then
applied this “no-loss” droplet transfer capability to the fabrication of a simple droplet
manipulator/tweezer based on a strip of F-SH-PDMS film (Figure 2.15C). Here, we used
the unstrained F-SH-PDMS strip to first pick up a 3 µL NaOH droplet (1 M) from a
strained F-SH-PDMS strip (ε = 0.8, Figure 2.15D). We then used the NaOH
microdroplet to capture a yellow FeCl3 droplet (3 µL, 0.3 M) from the unstrained strip
triggering a chemical reaction within the resulting microdroplet as indicated by brown
Fe(OH)3 precipitate (Figure 2.15D). The no-loss transfer of small droplets facilitates the
manipulation and delivery of reagents which is highly desirable in analytical and
biological diagnostics devices and lab-on-a-chip technologies.
Wearable technologies and biomedical applications necessitate the integration of
non-toxic materials which restricts the use of certain fluorine-containing reagents.44
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Additionally, these technologies require stress tolerance and conformability with the
host/user. Recognizing the biocompatibility, adaptability, and mechanical tunability of
our fluorine-free SH surface (SH-PDMS), we aimed to demonstrate the application of
this surface as a wearable droplet tweezer capable of capturing and releasing droplets
following the mechanical input of the wearer (Figure 2.16). Specifically, we affixed an
unstrained SH-PDMS film onto an index finger (Figure 2.16A). We then captured a 30
µL red dyed water droplet from an SH surface while the index finger was relaxed
(corresponding to the strain state with highest droplet adhesion, Figure 2.16B). We
stretched the SH-PDMS film by bending the index finger, which decreased droplet
adhesion triggering the release of the microdroplet from the wearable tweezer onto the
desired surface (Figure 2.16B). This simple illustration highlights the unique potential of
our biocompatible system to be incorporated into adaptive/wearable technologies or as
artificial skin with droplet tweezing functionality.
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Figure 2.15. “No-loss” microdroplet transfer. A) Optical micrographs showing the
capture of a 5 µL water droplet by an unstrained F-SH-PDMS film (ε = 0) from a strained
F-SH-PDMS film (ε = 0.8). B) Optical micrographs highlighting the inability of a
strained F-SH-PDMS film (ε = 0.8) in capturing a 5 µL water droplet from the surface of
an unstrained film (ε = 0). C, D) General schematic and optical micrographs illustrating
droplet transfer to initiate a simple chemical reaction (the precipitation of Fe(OH)3 from a
solution of NaOH and FeCl3).
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Figure 2.16. Wearable microdroplet “tweezer”. A) Wearable “tweezer” fixed to a
gloved index finger. Inset micrographs show droplet contact when the index finger is
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extended (left) and bent (right). B) Sequential optical micrographs highlighting the ability
for the wearable microdroplet “tweezer” to capture and release a microdroplet using
biomechanical input.
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2.11 Conclusion
In this chapter, we demonstrated a versatile strategy for creating hierarchical
micro-/nanotopography where the microscopic domains are mechanically adaptive
through precise manipulation of networks of microcracks. We then applied the
hierarchically structured material towards the fabrication of adaptive superhydrophobic
surface with mechanically tunable wettability and adhesion. Furthermore, we illustrated
how surface instabilities (i.e., microcracks)—an often-undesirable consequence of
mechanical deformation in these systems—can be leveraged for useful functionality in
mechano-adaptive SH surfaces. We believe this approach complements existing
strategies which use other types of surface instabilities (i.e., mechanical buckling of stiff
films on elastic surfaces) and that combined strategies could result in more advanced
mechano-adaptive materials.
Our strategy is simple (free from the instrumentation requirements of lithography
or printing), scalable, inexpensive, and can be implemented in applications where
adaptive or even static surface properties are desired (i.e., directional water shedding and
no-loss microdroplet transfer). The surface properties of the materials fabricated
following our approach can be further programmed by controlling the orientation of the
microcrack network (e.g., altering the direction of strain) or by increasing microcrack
density (e.g., biaxial tension or higher strain magnitudes). Moreover, this strategy is
general and can be applied to other silicone elastomers (e.g., silicones with higher yield
strains) significantly expanding the potential application space. In designing process
conditions for other types of silicones, it is imperative to consider the interplay between
mechanical strain and film toughness to prevent tearing. Further, deformations during
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operation that do not match those used in the fabrication process could result in the
formation of new microcracks and alter performance.
Our process also enabled the fabrication of fluorine-free superhydrophobic PDMS
films. These films are biocompatible and are relevant to biological systems where
mechano-adaptive properties can be tailored to the desired functions (e.g., artificial skins
and wearable technologies). Furthermore, due to the reactive nature of the nanoporous
oxide layer and its susceptibility to reoxidation, the chemistry of these surfaces can be
tailored through covalent modification with organic silanes. This functionalization
affords chemical properties tuned to a diversity of applications (not just those associated
with wettability), and we envision materials designed with mechno-adaptive
characteristics useful to heterogeneous catalysis, triboelectric generators, and gas
absorption/release. Moreover, if we combine our chemical etching process with
geometrically flexible/deterministic techniques for generating surface microtopography
(e.g., replica molding/patterning or 3D printing) it will be possible to create a diversity of
new types of adaptive materials with mechanically tunable hierarchically structured
surfaces which offer tremendous promise in numerous applications, including surface
fluidics, antifouling technologies, biomedical devices, and soft robotics.
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CHAPTER 3
A SIMPLE METHOD FOR FABRICATING HIERARCHICALLY
MICRO/NANO-STRUCTURED SILICONES WITH SPATIALLY
TUNABLE SURFACE CHEMISTRY

Microfabrication technologies allow the control of surface properties/topography
and are relevant to biological systems, electronics, lab-on-a-chip applications, and
specialized materials (i.e., smart materials). However, traditional microfabrication
techniques often rely on complicated procedures, expensive reagents (e.g., photoresists),
or hard materials (e.g., silicon wafers) which limits their application in adaptive
materials. Additionally, the precise tuning of the chemistry on microfabricated surfaces
remains challenge despite importance to microreactor technologies. In this chapter, a
solution-phase etching process for the patterning of hierarchically micro/nanostructures
on soft silicone elastomers (i.e., polydimethylsiloxane) is developed. Specifically,
microscale patterned silica surfaces are synthesized following masked ultraviolet ozone
oxidation then selectively etched through silica-targeted chemical dissolution to afford
hierarchically structured soft surfaces with tunable chemistry. Moreover, the influence of
solution pH on silica dissolution and resulting surface topography are highlighted and
utilized for the generation of hierarchically structured silicone surfaces. Lastly, this
technique is applied to mechanically strained systems providing an approach for
generating new and unique wrinkling patterns on soft surfaces. These findings
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demonstrate an inexpensive and convenient approach for microfabrication and will
complement existing strategies (i.e., soft lithography and photolithography).
3.1 Introduction to Microfabrication on Soft Surfaces
Microfabrication is an effective approach for tuning material surface properties
and has important applications in electronics,1 cell biology,2 optics,3 microreactors,4,5
microfluidics,6 and microanalytical systems.7 Traditionally, microfabrication is achieved
through a variety of lithographic techniques including photolithography,8–10 electron
beam lithography,10,11 nanoimprint lithography,12 and colloidal assembly.13 The most
powerful of these techniques is photolithography, where photolysis of a photoresist
coated surface through a photomask, followed by the selective chemical functionalization
at the areas exposed to light, is used to generate structural patterns. This critical
technique, which can be used for the creation of nanoscopic features, is used for the
production of printed circuit boards and electronics and has thus been extensively
developed/optimized.8,9 Despite the advancement of such techniques, which enable the
scalable production of high resolution nanoscopic patterns, they often rely on lengthy
procedures, sophisticated instrumentations, costly materials (i.e., photoresists), and
require compliant/hard materials.
On the other hand, soft lithography is a convenient and more recently developed
method that contrasts traditional microfabrication processes (e.g., photolithography),
where it allows for the generation of 3-dimensional hierarchical structural patterns on soft
elastomeric/nonplanar surfaces (e.g., silicone rubbers).9,10,14–16 It is an inexpensive
technique employed in biological applications and for the fabrication of high resolution
surface features without the need for photo-activated surfaces. Soft lithography
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traditionally utilizes patterned elastomeric soft polymers prepared via cast molding from
masters16 then used as stamps, molds, or even masks for controlling surface topography
and/or chemistry.9,10,14–17 However, the softness of the polymeric system drastically
limits the aspect ratios of the fabricated surface topographies due to structural
deformation and/or collapse.9 The thermal stability, optical transparency, and ease of
manipulation of these elastomeric supports (i.e., PDMS) Nonetheless, these elastomeric
supports (e.g., PDMS) have rendered them useful for mechano-responsive
applications.9,10 Furthermore, these silicone polymers are readily activated through
oxidation processes (i.e., ultraviolet ozone or plasma) which provides an avenue for the
synthesis of heterogeneously patterned surfaces and surface derivatization.18
3.2 Chemical Dissolution Strategies
Chemical dissolution is a promising strategy for the microfabrication of patterns
with high precision. Chemical etching processes operate through the removal of targeted
materials (e.g., metals or polymers) on homogenously or heterogeneously patterned
surfaces. An undesirable characteristic of optical/photo lithography is the reliance on
expensive photoresists for the microfabrication of patterns which can be undesirable.8,10
These photoresists are light activated chemical compounds that once activated, can be
removed using an alkaline developer solution (i.e., chemical dissolution).19 Various other
chemical solutions have been applied for the dissolution of hard materials (i.e., metals,
polymers, or minerals)18,20–22 which has resulted in the simultaneous fabrication of
surface nanotopography with varying geometries (e.g., nanohairs or nanopits).21–23 With
regards to the chemical etching of minerals, silica dissolution rates were previously
shown to strongly depend on cationic solute concentration (i.e., Na+, K+, Ca2+, Mg2+) and

110
20,21,24

pH.

Therefore, we hypothesized that the generation of interfacial silica patterns on

soft silicone surfaces (i.e., PDMS) through ultraviolet ozone or plasma oxidation will
enable the fabrication of microstructural patterns following chemical dissolution with a
alkaline medium containing cationic species.
3.3 Microfabrication via Chemical Dissolution of Heterogeneous Surfaces
In this chapter, we developed a microfabrication technique by applying principles
used in photolithography (i.e., chemical etching) on soft polymeric supports as opposed
to hard systems. Specifically, we developed a facile and low-cost fabrication/patterning
method—based on silicone activated surfaces—for generating nano/microscale
topographical features on elastic supports that simultaneously enabled the precise control
of the interfacial chemistry of the micropatterns. We used PDMS as the silicone support
for its ubiquity in soft lithography and robust silane bonds. Moreover, this silicone
polymer can be converted to silica following common oxidation processes (e.g., plasma
or ultraviolet ozone).28 The oxidation of PDMS with ultraviolet ozone (the primary
oxidation process applied in this chapter) proceeds first by the energetic conversion of
atmospheric oxygen into ozone.17
UV185 nm

O2 →

O3

(1)

Once ozone is generated, it is aided by UV light (254 nm) and converts the methyl groups
in the silicone polymer backbone to various forms of silica (SiOx) via the following
reaction.
UV254 nm

((CH3)2SiOSi(CH3)2)n + O3 →

SiOx + CO2 + H2O

(2)

These oxidation processes govern the thickness of the generated interfacial silica due to
their different penetration depths,25,26 and can therefore be used to tune the fabricated
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surface topography following chemical dissolution. Specifically, the solution-phase
etching of interfacial silica proceeds through the following hydrolysis reaction.20,21
SiO2 + H2O → H4SiO4

(3)

Here, the removal of silica—which follows nucleation theory (i.e., defectdriven)—has a significant impact on the resulting surface nanotopography.21
To synthesize microstructural patterns, we applied ultraviolet ozone (UVO) oxidation
through a tunneling electron microscopy patterned grid/mask to generate silica patterns
on the surface of a silicone elastomer (polydimethylsiloxane, PDMS). TEM grids are
simple to use, readily accessible, and possess diverse geometrical patterns that can be
imaged using various microscopy techniques. Additionally, the interfacial/patterned
silica acts as an inexpensive sacrificial layer for subsequent removal. We applied a
solution-phase etching process to create micro/nanotopographical surface patterns, where
the out-of-plane dimensions were tuned through the precise control of oxidation and/or
chemical etching parameters (e.g., time). Specifically, we fabricated surface relief
structures ranging from low nanometers—achieved the fastest—to a few microns. We
then imaged the hierarchically structured patterns with confocal laser microscopy and
atomic force microscopy (AFM), as these microscopy techniques can provide high
resolution three-dimensional renderings of the surface features. Moreover, 3aminopropyltriethoxysilane (APTES)—an amine terminated silane—was added to the
chemical etching media to yield hierarchically structured supports with precisely tunable
surface chemistry. Fluorescein isothiocyanate (FITC) reacts with primary and secondary
amines (i.e., 3-aminopropyltriethoxysilane) and is known for its well-established
fluorescence properties. Hence, FITC was used to visualize the amine derivatized
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surface. Lastly, we created surface relief patterns on mechanically strained films which
resulted in the generation of unique buckling profiles due to the heterogeneous buildup of
stress. Surface relief patterns fabricated with our technique were incorporated with
existing technologies (i.e., replica molding) to create an even more diverse set of
structural patterns, thereby expanding its practical applications. Our new
microfabrication process should find relevant applications in cell biology, soft robotics,
adaptive materials, and electronics.
3.4 Characterization of Microfabricated Surfaces
Silica dissolution selectivity was critical for the generation of hierarchically
patterned surfaces. Therefore, we demonstrated that an alkaline etching medium with
cationic solutes selectively dissolved a silica interface while preserving the integrity of
the silicone elastomer (i.e., unoxidized regions). We initially placed a micropatterned
TEM grid on the surface of an unmodified PDMS film and exposed the film to ultraviolet
ozone (UVO) for 1 hr—a sufficiently long enough duration to generate micron thick
silica layer on the surface (Figure 3.1). We then immersed the oxidized film in a 0.1 M
pH 12 sodium phosphate buffer at 90 °C. We observed a gradual change in the
cloudiness of the film following increasing buffer treatment times (Figure 3.2) resulting
in the appearance of surface optical patterns (Figure 3.1B, Figure 3.3). The film scattered
light in the oxidized/chemically etched regions due to the emergence of hierarchical
micro and nanoscopic features (Figure 3.1C-E), resulting in emergence of a pristine array
of the square micropatterns (Figure 3.1C, D). Moreover, we observed significant change
to the optical transparency of the film due to the nanoscopic domains scattering visible
light (Figure 3.1F).27 Here, light scattering was most prominent at the low wavelengths
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of visible light (< 500 nm) where upwards of 50% of visible light was not being
transmitted (Figure 3.1F). Thus, our technique enabled the rapid fabrication of highresolution surface optical micro patterns which could have useful applications in optics
and cryptography.
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Figure 3.1. General procedure for fabricating hierarchically structured surfaces. A)
The chemical dissolution approach for fabricating patterned silicone surfaces. B) Optical
micrograph of a patterned PDMS surface retaining the appearance of the TEM mask. C)
High-resolution optical micrograph of the TEM mask from panel B illustrating the
hierarchically structured square microarray pattern.
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Figure 3.2. Optical transparency of chemically etched PDMS films. A, B) Optical
micrographs illustrating the optical transparency of a PDMS and UVO treated PDMS
film, respectively. C) The effect of chemical dissolution on the transparency of a UVO
oxidized PDMS film following 12 hours of 0.1 M pH 12 phosphate buffer treatment.
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Figure 3.3. Surface optical pattern. An optical micrograph highlighting the appearance
of a “UNL” pattern following solution-phase etching of a UVO oxidized PDMS film.
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Encouraged by the appearance of optical surface patterns and hierarchical
structures, we aimed to demonstrate control over the out-of-plane resolution of the
fabricated surface features by tuning silica dissolution. We measured the dissolution rate
of silica at neutral and alkaline pH (Figure 3.4A) since we anticipated for the hydroxide
ion concentration to have a significant effect on the rate of silica dissolution, which
would in-turn control structural resolution.24 Specifically, we assessed the gradual
change in microstructure depth with duration of etching step following film oxidation
with UVO for 1 h. We measured a higher silica dissolution rate at pH 12 when compared
with pH 7 (57 ± 8 nm⋅hr-1 and 33 ± 6 nm⋅hr-1, respectively, Figure 3.4A) consistent with
previous findings.20,24 Moreover, we observed a significant increase in surface
nanoscopic roughness and porosity with increasing silica etching durations at pH 12
(Figure 3.5). Despite silica etching proceeding at neutral pH, the structured surface
remained relatively smooth and constant over time (Ra = 62 ± 11 nm, T = 12 h, Figure
3.4B-D). Yet, alkaline dissolution of interfacial silica resulted in the emergence of
significant nanoscopic roughness (Ra = 351 ± 65 nm, T = 4 h, Figure 3.4B, E, F) as
illustrated by the appearance of high-density nanoscopic/nanoporous branches (Figure
3.1E). We attributed the increase in surface nanoporosity/roughness to defect-driven
dissolution processes.21 Thus, alkaline dissolution was most practical in the hierarchical
fabrication of micro/nanopatterned structural topographies and for patterning surface
roughness (Figure 3.4E, F). We did not investigate dissolution at acidic pH (< 7), as
acidic environments were shown to hydrolyze siloxane bonds which would have
eliminated etching selectivity and microfabrication capabilities.24,28
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We demonstrated the versatility of our technique in fabricating nano to
microscopic surface structural patterns (Figure 3.6, Figure 3.4B, C). By controlling the
oxidation process, which tuned the thickness of the silica interface, we could fabricate
structural patterns spanning two orders of magnitude. More specifically, we placed a
TEM mask (square micropattern) on a PDMS film and used plasma oxidation to fabricate
nanometer thick silica layer on the surface.29 We then chemically etched the patterned
silica interface following treatment with the alkaline buffer, revealing 15.2 nm deep
square patterns (Figure 3.6). In another demonstration, we oxidized a masked film with
UVO to fabricate a micropatterned silica interface28 which in turn yielded 1.06 ± 0.05 µm
deep hierarchically structured hexagonal domains following chemical dissolution for 12
hours (Figure 3.4B, C). Although we demonstrated a limited number of patterns, the
resolution of the structural patterns could be further tuned by tuning process control
parameters (oxidation time, media pH, and etching duration).
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Figure 3.4. Effect of pH on silica dissolution. A) The influence of pH on the silica
dissolution rate over time. B, C) Optical image and 3D surface rendering of a hexagonal
surface feature following 12 hours of 0.1 M pH 12 phosphate buffer treatment.
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Figure 3.5. Surface nanoroughness of chemically etched films. A-C) Scanning
electron micrographs highlighting the increase in the surface nanoporosity with
increasing chemical dissolution (pH 12) duration (1 h, 2 h, and 4 h , respectively).
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Figure 3.6. Fabrication of Nanopatterns. A) Atomic force microscopy micrograph of a
square pattern following chemical etching of a plasma oxidized PDMS interface. B)
Dimensional analysis of the square microstructure from panel A.
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We fabricated more complex hierarchical surface features of varying dimensions
by sequentially masking the film’s surface following two UVO oxidation steps (Figure
3.7A). First, we highlighted the fabrication of a “face” like pattern using our approach.
Here, we placed a TEM grid (hexagonal microarray) on the surface of PDMS and briefly
treated the film with UVO for 5 mins. Afterwards, we replaced the hexagonal mask with
a second mask pattern (square microarray) and oxidized the film for another 5 mins
resulting in a hierarchical surface silica layer. The “face” like microstructure was
uncovered following chemical dissolution (Figure 3.7B). In another demonstration, we
applied this sequential masking and oxidation approach to generate a topographical
“Mercedes” logo. Here, the surface was sequentially exposed to patterned oxidation
using UVO (1 hr) and then chemically etched for 4 hrs revealing the complex logo.
Despite the simplicity in fabrication, our microfabrication technique can produce highresolution patterns with intricate shapes that would be otherwise difficult to fabricate.
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Figure 3.7. Fabrication of sophisticated micropatterns. A) General approach for
fabricating hierarchical surface microtopography. B, C) Surface height mapping
demonstrating the appearance of a face like structure and a Mercedes logo on the surface
of the chemically etched PDMS film, respectively.
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3.5 Microfabrication for the Generation of Unique Buckling Patterns
Microfabrication on strained surfaces is challenging due to process specific
limitations (e.g., requiring hard/static materials) despite various technologies (i.e.,
adaptive materials) necessitating mechanically compliant supports with precise
topographical structures. Therefore, we illustrated our technique’s unique capacity in
microfabricating surface features on mechanically strained films (Figure 3.8A).
Specifically, we microfabricated a 3-dimensional hexagonal array on the surface of a
strained PDMS film following chemical etching at neutral pH using our outlined
technique (ε = 0.5, Figure 3.8B). Surprisingly, we observed the emergence of an
unexpected wrinkle/buckling pattern following the release of strain. Traditional wrinkle
patterns on nonstructured surfaces appear orthogonal to the direction of strain with a
predictable periodicity (λ = 42.3 ± 2 µm, Figure 3.9). Yet, in the case of the chemically
etched and hexagonally microstructured surface, two distinct wrinkle patterns emerged
following strain release (Figure 3.8C). The first wrinkle pattern appeared at the center of
the hexagonally structured micropatterns and was consistent with buckling patterns
fabricated on nonstructured surfaces. Additionally, a second wrinkle pattern emerged at
the hexagonal edges of the patterned interface. Here, the wrinkles—which buckled along
the discreet silica/silicone pattern discontinuity— appeared to have an in-plane sinusoidal
shape where the sinusoidal peaks originated along the hexagonal vertices. We measured
the in-plane amplitude of the sinusoidal wrinkles at 14 µm and their periodicities was
equivalent to the length of a compressed hexagonal domain (Figure 3.10). Moreover, due
to extra buckling of the patterned silicone/silica interface, we measured a sharp decrease
in the apparent wrinkle wavelength (λ = 26.9 ± 2 µm, Figure 3.8C). We believe this new
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wrinkling pattern depends on the relative arrangement of the surface microstructural
patterns and interstitial distance between adjacent patterns, as wrinkle formation on
circular micropatterned surfaces—which are devoid of sharp features—proceeded as
expected (Figure 3.11). In another demonstration illustrating mechano-responsive
microstructured surfaces, we tuned the thickness of the patterned brittle interface—to
arrest mechanical buckling instabilities—and mechanically switched the relief structures
between distinct hexagonal geometries without forming wrinkles (Figure 3.12). The
generation of surface relief structures on mechanically strained systems highlights a
unique approach for creating new types of mechanical buckling patterns that were not
previously feasible.
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Figure 3.8. Microfabrication on mechanically strained films. A) Microfabrication
procedure on mechanically strained (e = 0.5) film. B) Optical image showing the
hexagonal surface features on the strained film. C) Mechanical buckling of the strained
film following stress release highlighting the appearance of “wavy” wrinkles.
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Figure 3.9. Optical micrograph of the wrinkle pattern on a smooth and nonstructured
surface.
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Figure 3.10. Measurement of the sinusoidal wrinkle characteristics on a hexagonally
microstructured PDMS surface .
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Figure 3.11. Wrinkle formation on a circular micropatterned PDMS surface following
stress release.
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Figure 3.12. Mechanical deformation of microstructural patterns. A) Optical
micrograph showing a hexagonal pattern on a mechanically strained PDMS film (e =
0.5). B) The fabricated hexagonal micropatterns following the release of mechanical
strain (e = 0).
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3.6 Controlling the Surface Chemistry of the Microfabricated Relief Structures
The selective and precise tuning of surface chemistry enables the control of
interfacial properties. Thus, we used our technique to not only generate surface
microtopography, but also simultaneously control the surface chemistry inside these
topographical structures (Figure 3.13A, B). We generated a square silica micropattern on
the surface of an unstrained PDMS film and functionalized the surface of the fabricated
microwells with APTES by immersing the oxidized film in a 1% APTES/pH 12 buffer
solution (v/v) for 2 hrs. This step ensured patterned silica dissolution while concurrently
binding APTES to the resulting microstructured surface. Subsequently, we treated the
film with FITC to obtain a 2-D visualization of the amine derivatized surface by
fluorescence microscopy (Figure 3.13A). We then contrasted the fluorescence
microscopy micrograph with a 3-D surface micrograph obtained with confocal laser
microscopy (Figure 3.13B) to confirm that the fluorescence signal was arising from the
surface of the 3-D fabricated microwell rather than a 2-D interface layer. This highlights
our method’s unique potential for controlling the surface chemistry and properties of the
micro or even nanoscopic patterns, which is important to microreactor technologies,
catalysis, and crystal growth.
We used the chemically etched and micropatterned films as masters in order to
fabricate replica molds which could be used for further downstream applications (Figure
3.13C). Briefly, we chemically etched a hexagonally micropatterned silica interface then
treated the film with oxygen plasma to further oxidize/activate the surface for subsequent
derivatization. Afterwards, we exposed the freshly oxidized film to fluorosilane vapors
to ensure that the freshly poured PDMS prepolymer mixture did not irreversibly adhere to
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the master film. The replica mold with out-of-plane micropatterned extrusions was
obtained following prepolymer curing and peeling (Figure 3.13D, E). The application of
microfabricated films as masters is relevant to soft lithography, microcontact printing,
and microfluidics.9
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Figure 3.13. Controlling surface chemistry on microfabricated structures. A) A
fluorescence microscopy optical micrograph of chemically etched microwell pattern
following APTES and FITC derivatization. B) The corresponding 3-D surface rendering
of panel A. C) The general procedure for replica molding a chemically etched PDMS
film. D, E) An optical micrograph and 3-D surface rendering of a replica molded film
with hexagonal microstructural patterns, respectively.
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3.7 Conclusion
In this chapter, we demonstrated a facile technique—one that combines soft and
optical lithography concepts— for the fabrication of hierarchical and sophisticated
micro/nanoscopic patterns on glassy elastomeric films. Following our approach, we
tuned the out-of-plane micro/nanofabricated topographies, which spanned to two orders
of magnitude and could be extended further through careful control of procedural
parameters (i.e., oxidation method/time, pH of the etching media, and etching duration).
We extended our technique to mechanically strained systems which enabled the
generation of more complex mechanical wrinkling patterns. Our approach demonstrates
how surface structural patterns could affect buckling instabilities and induce the
formation of new wrinkle patterns which are useful to adaptive technologies. Due to the
reactivity of the surface following oxidation, our process enabled the precise chemical
control of the structural patterns. Despite the simplicity of our technique, the in-plane
resolution of the fabricated structural patterns is only limited by the resolution of the
mask. Moreover, the generation of hierarchical/complex patterns requires precise mask
positioning which can be challenging without the aid of microscopy techniques. Lastly,
precise modelling of the mechanical buckling profiles of micropatterned surfaces is
necessary to accurately predict the intricate buckling geometry that can emerge following
this process. Nonetheless, our fabrication method expands on existing techniques and
provides a simple approach for generating surface features ranging from low nanometers
and extending to micron scale. These findings should have relevant applications in
electronics, optics, microreactor technology, catalysis, and smart and adaptive materials.
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CHAPTER 4
DYNAMIC MANIPULATION OF DROPLETS USING
MECHANICALLY TUNABLE MICROTEXTURED CHEMICAL
GRADIENTS

Materials and strategies applicable to the dynamic transport of microdroplets are
relevant to surface fluidics, self-cleaning materials, thermal management systems, and
analytical devices. Techniques based on electrowetting, topographic micropatterns, and
thermal/chemical gradients have advanced considerably, but dynamic microdroplet
transport remains a challenge. This chapter reports the fabrication of mechano-tunable,
microtextured chemical gradients on elastomer films and their use in controlled
microdroplet transport. Specifically, discreet mechanical deformations of these films
enabled dynamic tuning of the microtextures and thus transport along surface-chemical
gradients. The interplay between the driving force of the chemical gradient and the
microtopography was characterized, facilitating accurate prediction of the conditions
(droplet radius and roughness) which supported transport. These microtextured surface
chemical gradients represent a new class of mechano-adaptive materials with
microdroplet manipulation functionality.
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4.1 Introduction to Microdroplet Transport on Chemical Gradients
The transport of liquid microdroplets on surfaces is an important topic with
potential applications in surface /microfluidics, smart coatings, water harvesting, and
intelligent and adaptive materials. The free energy transport of liquid droplets was
previously observed through the Marangoni effect and thermal surface gradients.1,2
However, the transport of liquid microdroplets on solid surfaces induced by chemical
gradients remained elusive until the seminal work of Chaudhury and Whitesides.3 Since
this discovery, numerous studies have been conducted on the free energy transport of
liquid microdroplets due to surface chemical gradients.3–5 Central to this discussion is the
chemical driving force (Fd) which accounts for the free energy gradient (wettability
gradient) acting on the droplet as it moves along the surface.3–5
𝑑𝑐𝑜𝑠𝜃

Fd ≅ πR2γ (

𝑑𝑥

)

where γ is the surface tension of the liquid, R is the droplet radius, and

(4.1)
𝑑𝑐𝑜𝑠𝜃
𝑑𝑥

(which we

will refer to as Φ) parametrizes the change in contact angle () along the gradient. A
hysteresis force (Fh) arises due to the contact angle hysteresis of the droplet, where Fh can
be approximated as:
Fh = 2γR(cosθr – cosθa)

(4.2)

where θr and θa are the receding and advancing contact angles, respectively.4,5 For
convenience, we will express contact angle hysteresis (cosθr – cosθa) as b in the
following expressions. Thus, the net force (F) acting on the droplet on a smooth
chemical gradient (where the roughness factor, r, is equal to 1) prior to the onset of
motion can be expressed as:5
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F = πR γΦ - 2γRb
2

(4.3)

Consequently, the action of the gradient on the droplets (Fd) must overcome the
hysteresis force (Fh) before transport will occur.4,5 The wetting state of a droplet on a
wrinkled surface (where r > 1) depends on the wrinkle characteristics (amplitude,
wavelength, etc.)7 and for droplets in the Wenzel wetting state (observed in this work),
contact angle hysteresis scales with surface roughness.8,9 Thus, the net force becomes:
F = πR2γΦ - 2γrRb

(4.4)

where roughness increases the magnitude of the hysteresis term. During droplet transport,
a viscous drag force (Fv) acts against the microdroplet. Using the lubrication
approximation and assuming a circular droplet profile, Fv can be approximated as:4,5,10–12
𝑥

Fv = 3ηπRrV ∫𝑥 𝑚𝑎𝑥
𝑚𝑖𝑛

𝑑𝑥
𝐻

𝑥

≈ 3ηπRrV ln ( 𝑥𝑚𝑎𝑥 )
𝑚𝑖𝑛

(4.5)

where η is the viscosity of the liquid, v is the droplet velocity, and H is the height of
droplet. The integration limits xmin and xmax are the characteristic lengths of a droplet (xmin
is the length of a molecule, and xmax can be represented as the radius of a droplet). The
steady-state velocity of a liquid microdroplet moving along a wettability gradient can
then be obtained by equating Fd to Fv and approximated according to the Greenspan
model as:5
v ≅

𝛾𝑅
𝜂

(Φ)

(4.6)

Although the above treatment does not consider the influence of contact angle hysteresis
on droplet velocity,5 experimental observations loosely follow this approximation, and
droplet velocity scales linearly with droplet radius.4,5,13 However during incipient
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motion—the condition immediately prior to the onset of droplet transport critical to this
work—Fv is negligible and can be ignored.10,12
The general force balance expression (Eq. 4.4) have guided fundamental
understandings of droplet transport on gradients, but their predictive abilities are
somewhat limited. For example, the droplet radii which meet the predicted condition for
transport (i.e., when F > 0 following Eq.4.4) are often lower than those observed
experimentally.4,10,11 Other forces (e.g., friction,10–12 capillarity,13 and hydrodynamics4)
have been cited as possible causes for this discrepancy. These explanations hinted at a
delicate force balance that could be used for experimental control and enable the design
and fabrication of mechano-responsive fluid transport systems. In this chapter, we
highlight the intricate force balance acting on microdroplets traversing a microtextured
chemical gradient and demonstrate their utility in designing mechano-responsive fluid
transport systems.
We hypothesized that dynamic control of surface roughness through mechanoinduced surface topography (i.e., mechanical buckling) could enable active control of the
force balance (Eq. 4.5) acting on microdroplet transport. More specifically, we believed
we could tune the magnitude of r and thus the hysteresis force (Eq. 4.5) by controlling
wrinkle formation on elastic silicone surfaces possessing a chemical gradient. This
mechano-responsive hysteresis force would then enable the adaptive transport of liquid
microdroplets where mechanical control parameters (i.e., strain) dictate microdroplet
transport behavior. Before we discuss our approach in great detail, we must elaborate on
mechano-induced surface instabilities (i.e., surface buckling and wrinkling)—a critical
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mechano-responsive property that enabled the rational design of our adaptive fluid
transport system.
4.2 Mechanical Buckling Instabilities of Elastic Silicone Surfaces
Mechano-induced surface instabilities are prevalent in nature (i.e., wrinkling of
skin) and have inspired researchers for decades due to their mechano-responsive
properties and potential application in adaptive technologies (i.e., stretchable electronics).
Today, there are numerous approaches for fabricating wrinkled surfaces and they include;
thermal,17 mechanical,18 and solvation-based.19 Relative to these stimuli, mechanical
stimulus is a simple approach for the spontaneous generation of surface instabilities
(wrinkles) through readily tunable control parameters (i.e., strain) which then provide a
convenient method for the fabrication of mechano-responsive microtextured chemical
gradients. Previously, we elaborated on how silicone elastomers are commonly oxidized
to activate the surface through the generation of surface silanol moieties (sections 1.1 and
1.2). During these oxidation processes, a hard/brittle surface silica layer—with distinct
mechanical properties—is generated. Furthermore, when mechanical tension (prestrain,

pre) precedes the oxidation processes, a mechanical strain mismatch (between the
unstrained/rigid interface and strained/elastic polymer) occurs. The combination of this
hard/unstrained interface and soft/strained polymer results in the spontaneous generation
of sinusoidal surface wrinkles with well-established/tunable properties.20
We will briefly highlight the fundamental equations that govern the spontaneous
formation of mechano-induced surface wrinkles. The characteristic pitch (λ, Eq. 4.7) of
the wrinkles depends on the elastic moduli of the hard/unstrained surface layer (Ef), the
bulk/elastic film (Es), and the thickness of the surface layer (hf):20
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λ =

𝐸̅
2πhf (3𝐸̅𝑓 )1/3
𝑠

(4.7)

𝐸
Here, 𝐸̅𝑥 = (1−𝑣𝑥 2 ) where Ex is the elastic modulus and v is Poisson’s ratio for either the

surface layer or the bulk film. The pitch remains relatively constant in systems utilizing a
limited range of mechanical strain. The critical strain where wrinkles begin to form is
characterized by cs and is also dependent on the elastic moduli of the hard and soft
interfaces:20
1 3𝐸̅

cs = − 4 ( 𝐸̅ 𝑠 )2/3

(4.8)

𝑓

The amplitude of the wrinkles (A) is heavily influenced by mechanical strain where the
amplitude increases with the release of prestrain:20
𝜀

A = hf (𝜀 − 1)0.5

(4.9)

𝑐

These dynamic wrinkles result in surface roughness as characterized by Wenzel’s
roughness factor (r) which is equal to the ratio of the actual surface area to the projected
area.20
r =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑟𝑒𝑎

(4.10)

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎

Additionally, the surface roughness can be calculated using physically measured
parameters assuming a sinusoidal surface microtopography.20
𝑟 =

2π𝐴
λ𝑅 2

𝑅

𝜆𝑥 2

∫ 0(4𝜋2𝐴2 + 𝑥 2 𝑠𝑖𝑛2

2𝜋𝑥 0.5
) dx
𝜆

(4.11)

In this chapter, we apply the fundamental underpinnings of surface wrinkling in
conjunction with chemical gradients to realize mechano-responsive fluid transport
devices.
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4.3 Design and Fabrication of Mechano-responsive Droplet Transport Systems
The transport of liquid microdroplets on surfaces—a capability useful to, for
example, surface fluidics and smart coatings—using chemical wettability gradients was
initially demonstrated in the seminal work of Chaudhury and Whitesides.3 This work
fostered deeper understandings of and inspired the development of new strategies for the
transport of microdroplets on surfaces, which can now be achieved via chemical,3–5,21,22
thermal,2,13 surface charge density,23 and surface topographical gradients.10,11,24,25 The
fabrication and operation of materials or devices which adopt these design strategies
typically requires multistep procedures (e.g., photolithography), external power/control
systems, and/or optimized environments. These factors together can limit the application
space in which these materials/devices are useful. Accordingly, recent developments
have leveraged fundamental understandings of surface microdroplet transport26 in an
effort to realize new strategies for the design and fabrication of devices capable of
increasingly dynamic and sophisticated manipulations of droplets.21–23,26–30 Despite these
efforts, dynamic transport technologies require further evolution to overcome key
limitations: switching between transport states using chemical/structural gradients can be
slow and difficult to accomplish (e.g., photoactivated surfaces are tied to the kinetics of
surface reactions and structural gradients have highly specific transport/geometry
relationships),10,11,21,22,24,25 continuous transport using electrostatic systems requires
additional processing and environmental conditions can impact performance,23 and in
many cases, a dedicated input system (e.g., electrical power supplies, light sources, or
vibrational stages) is required to stimulate/control transport.5,21,22,26,29
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We set out to design mechano-adaptive materials with dynamic microdroplet
handling capabilities that were i) easy to fabricate following simple and scalable
procedures and ii) did not require additional processing to control/operate once
fabricated. Our strategy, which combines the action of chemical gradients with
mechanically tunable surface microstructures on stretchable silicone films,
simultaneously removes the requirement for additional chemical processing and highly
refined modifications to microstructural patterns, providing a strategy for programmable
droplet transport based on simple mechanical input. This approach significantly elevates
the practical applications of programmable droplet transport systems, and yields
environmentally stable systems capable of rapid/instantaneous switching of droplet
transport following mechanical stimulation from a potentially diverse range of sources
(e.g., biomechanical input, electromechanical systems, or environmental stressors). We
believe our versatile approach which is devoid of static/rigid components represents an
important advancement in adaptive/programmable droplet transport capabilities and will
have relevant applications in soft materials (i.e., wearables), adaptive systems (i.e., soft
robotics), water-harvesting technologies, and energy generation.
In this chapter, we fabricate chemical gradients on the surface of pre-strained silicone
films6 which spontaneously form wrinkled microtextures when pre-strain is
released.7,17,31–34 Specifically, we use polydimethylsiloxane (PDMS)—a soft silicone
elastomer with tunable surface chemistry and microtopography—as the elastomer support
for adaptive microdroplet transport. PDMS can be stretched manually or with simple
tools (e.g., electromechanical devices) allowing for several convenient methods to apply
mechanical tension. We treat pre-strained (pre = 0.20 or 20%) PDMS films with
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ultraviolet ozone (UVO)—an oxidation method capable of generating micron thick
surface silica layers—to induce the formation of controlled microwrinkles following
strain release.7,33,34 The generated wrinkles are accurately modelled according to
equations 4.7 to 4.10.7,24,32–34 The films are briefly exposed to oxygen plasma following
UVO treatment to increase surface silanol concentration for subsequent functionalization.
We then utilize mechanical strain to control the pitch/amplitude of these wrinkled
microtextures reversibly, thus enabling dynamic control of the forces which govern
microdroplet transport along the chemical gradient. Additionally, we adapt the force
balance equations used to describe microdroplet motion on chemical gradients to predict
the conditions (surface roughness and critical droplet radii) necessary for droplet
transport in our system. Particularly, by reducing the magnitude of the chemical driving
force4, and accounting for the effect of roughness on the contact angle hysteresis force,
we can articulate the effect of mechanically controlled microtextures on droplet transport
behavior. This approach affords a mechano-responsive intelligent system capable of
dynamic control of microdroplet transport: velocity, displacement, and critical radii of
transport.
To fabricate microtextured chemical gradients we combined a simple templateguided gas diffusion procedure6 together with the stress-induced wrinkle formation
process described above (Figure 4.1A). We fully characterized the surface topography
(Figure 4.2), chemistry (Figure 4.3 and 4.4), and roughness (Figure 4.1B) of these
microtextured chemical gradients at various states of compressive strain (c) where c =

pre –  and pre is pre-strain and  is strain. These topographic data were used to calculate
the Wenzel roughness factor (r, section 4.2) which we expected to play an important role
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in droplet transport. We then investigated the motion of 3 µL water microdroplets
deposited on the hydrophobic end of the chemical gradient at various compressive states
(Figure 4.1C). Water was used because it is a benign model solvent commonly employed
in surface fluidic technologies. We measured an average droplet velocity of 4.3 ± 0.7
mm·s-1 at c = 0 (Figure 4.1C, and Figure 4.5). The velocity of the deposited
microdroplets gradually decreased as c increased, until c = 0.15 was reached, where
microdroplet transport ceased. This observation can be attributed (as discussed in detail
below) to the increase in the corresponding surface roughness (Figure 4.1B, Figure 4.5),
which we measured to be 1.00 ± 0.01 at c = 0 and 1.15 ± 0.03 at c = 0.15 (Figure 4.1B).
We investigated the reproducibility of this general observation by stress cycling a film
between c = 0 and c = 0.20 observing no significant difference in droplet transport
behavior up to 100 cycles (Figure 4.6). Specifically, microdroplet velocity on the film
with r = 1 (c = 0) remained constant (v = 4.3 ± 0.7 mm·s-1 after 0 cycles and v = 4.3 ±
0.4 mm·s-1 after 100 cycles, Figure 4.6). Further, the distance traveled by the
microdroplets gradually decreased as c increased, providing a means to control the
microdroplet’s final resting position (Figure 4.7).
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Figure 4.1. Fabrication and mechanically controlled droplet transport. A) Schematic
illustrating the process for fabricating chemical gradients on films with mechanically
tunable surface microtextures (wrinkles) and their use in mechano-activated droplet
transport. B) Surface roughness of the microtextured gradients at increasing magnitudes
of compressive strain (c). C) Transport velocity of 3 µL H2O droplets on the
microtextured gradients at increasing magnitudes of compressive strain.
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Figure 4.2. Wrinkle amplitude characterization. The measured and calculated wrinkle
amplitudes relative to compressive strain c (N = 30). Insets: Optical micrographs of the
surface wrinkles at varying compressive strain. Scale bars = 200 µm.
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Figure 4.3. Chemical gradient intensity (Φ) at c = 0. Variation in the measured
contact angle (θ) as a function of position for an uncompressed PDMS film. Inset: The
contact angle variation for the linear portion of the gradient.
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Figure 4.4. Chemical gradient intensity (Φ) at c = 0.20. Variation in the measured
contact angle (θ) as a function of position for a PDMS film at c = 0.20. Inset: The
contact angle variation for the linear portion of the gradient.
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Figure 4.5. Droplet transport on a microtextured films. A) Transport of a 3 µL DI
water microdroplet deposited on a smooth gradient surface (r = 1). B) A 3 µL DI water
microdroplet deposited on a rough gradient surface (r = 1.15 ± 0.03) did not move. Time
stamps are given as annotations. Scale bars = 2 mm.
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Figure 4.6. Fluid transport performance upon successive stress cycles. Velocity
measurement after successive stress cycles from c = 0 to c = 0.2. The droplet velocities
were recorded using 3 µL DI H2O droplets at c = 0. Inset: Optical micrographs of the
surface wrinkles (c = 0.2) following stress cycling. Scale bars = 200 µm.
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Figure 4.7. Droplet displacement at various strain states. The total displacement
distance that 3 µL DI H2O microdroplets travel at differing compressive strains.
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4.4 Physical Model Prediction of Microdroplet Transport Conditions
We next sought to predict the condition where the resistive (negative) force was
greater than the gradient driving force and microdroplet transport was not possible.
Deterministic understanding of the system in this way would be necessary for the design
and fabrication of sophisticated liquid transport devices with predictable performance
characteristics. To do this we systematically probed the interplay between surface
roughness, compressive strain, and microdroplet velocity to realize an expression capable
of predicting the conditions necessary for transport.
We began by determining the “critical” radius (Rc)—the droplet radius where the
velocity and thus the net force acting on the microdroplets was approximately zero (F =
0) and transport does not occur—by depositing a series of increasingly smaller droplets
on a smooth gradient (r = 1) until transport ceased (Figure 4.8A). We deposited the
droplets at the same position on the hydrophobic end of the chemical gradient to mitigate
position-dependent variations in the chemical gradient.4 Following this approach, we
measured Rc to be 0.91 ± 0.04 mm (Figure 4.8A), which corresponds to a critical volume
(Vc) of approximately 1 µL. We then calculated Rc using Equation (4.5) (by setting F =
0, r = 1, and using measured/tabulated physical parameters), obtaining a value of 0.30 ±
0.04 mm, which was significantly lower than the measured quantity of 0.91 ± 0.04 mm
(Figure 4.8A). This difference (0.61 ± 0.06 mm) was indicative of either an additional
negative force not accounted for by Equation (4.5) or an overestimation of the driving
force.4 We believed overestimation of the driving force was likely, as supported below.
Several reports indicate that the difference between the driving force and
hysteresis force (Eq. 4.5) is not sufficient in describing droplet transport behavior on
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chemical gradients.

4,15

The prevailing explanation for this difference is that most studies

overestimate the driving force (a systematic problem that could arise from differences in
conditions for gradient characterization and transport studies).4 In this case, we expected
that the difference in the predicted force (F, Eq. 4.5) for a series of measured Rc values
(at variable roughness) would scale as F ∝ Rc2. To assess this expectation, we determined
Rc at compression states of c = 0, 0.100, 0.125, 0.150, 0.1625, and 0.175. In order to
minimize the effects of droplet anisotropy due to the wrinkled topography, Rc was
measured exclusively at the hydrophobic end of the chemical gradient where anisotropy
was nominal. We proceeded to calculate F (using Eq. 4.5 and experimentally measured
parameters) for each compression state, and plotted F versus Rc, rRc, and Rc2 (Figure 4.9,
4.10, and 4.8B, respectively). We observed a better correlation between F and Rc2
(correlation coefficient rp2 = 0.9974, Fig. 2b) than between F and rRc (rp2 = 0.9759,
Supplementary Fig. 6) or F and Rc (rp2 = 0.9705, Supplementary Fig. 7), and verified that
the differences between the F vs. Rc2 correlation and the other two correlations were
statistically significant using a Z-test (P < 0.05). We viewed the significant correlation of
F and Rc2 together with the results of the Z-tests as strong support for the assertion that
the difference in force was related to an overestimation of the driving force (which scales
with Rc2) and not the hysteresis term (which would scale with Rc), and thus applied a
fitting parameter to the positive driving force term. It has also been proposed that an
additional three phase contact line term is missing from equation (4.5), but this term
should scale with Rc.14 Worth mention is the effect of droplet adhesion, which would
also scale with Rc;35 however, droplet adhesion does not apply during motion along a
surface.36,37
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To correct the magnitude of Fd, we used the calculated force value at r = 1 from
equation (4.5) (15.3 ± 1.6 µN) to determine the magnitude of reduction in Fd required to
give F = 0 (Fig. 4.8C). Specifically, we introduced a fitting constant “C” into equation
(4), where C = 3.04. We now express the modified force equation as:
F′ =

𝜋 2
Rγ
𝐶

Φ - 2γrRb

(4.11)

To apply equation (4.11) to a range of compression states (not just those explicitly
investigated), we expressed contact angle hysteresis (b in Eq. 4.11) as a function of R. To
do so, we measured contact angle hysteresis by depositing a small range of water
microdroplets (R = 0.91 mm to R = 1.40 mm) on the hydrophobic end of a smooth (r = 1)
gradient surface, obtaining a linear correlation (Figure 4.11) over this range. We then
substituted the resulting linear regression equation for b into equation (4.11) for the
purpose of predicting Rc. We acknowledge that this approach simplifies the complex
behavior of contact angle hysteresis (which generally depends on a number of factors
including surface chemistry homogeneity, topography, and the size of liquid
droplets),8,27,28 but believed it sufficient given the linear correlation over the range of radii
examined in our studies.
Using this approach, we applied Equation (4.11) to the smooth chemical gradient
data set (Figure 4.8A), yielding good agreement between the calculation and empirical
observation (predicted Rc = 0.84 versus measured Rc = 0.91 ± 0.04 mm) (red trace, Figure
4.8A). Further, we used equation (4.11) to predict critical droplet radii of 0.97 mm, 1.19
mm, 1.59 mm, 1.77 mm, and 1.98 mm at c values of 0.10, 0.125, 0.150, 0.1625, and
0.175, respectively (Figure 4.8B, C). These predicted values are statistically indifferent
(P < 0.06) from experimental observations of 1.09 ± 0.06 mm, 1.22 ± 0.03mm, 1.54 ±
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0.06 mm, 1.77 ± 0.03 mm, and 2.13 ± 0.10 mm, respectively (Figure 4.8C). Furthermore,
we show that when roughness is not included in equation (4.11) (F′′, blue trace, Figure
2C), the calculated Rc does not match experimental observations.
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Figure 4.8. Force balance and the relationship between Critical Radius and
Roughness. A) Microdroplet force analysis on a smooth surface gradient highlighting the
difference between Eq. 4 (black data points) and experimental observations (F′, red data
points). Both data sets were fitted to a second order polynomial (black and red traces
respectively). B) Force differences plotted against Rc2 (Pearson’s correlation coefficient
of the linear regression is denoted as rp2). C) Comparison of the predicted and
experimental critical radii (Rc) at various roughness states (r). Shown are the reduced
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driving force model (F′, Eq. 4.11), the reduced driving force model without roughness
(F′′), and the experimental results.
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Figure 4.9. Force difference relative to the critical radius at each respective strain
state. A plot of the force discrepancy (Eq. 4.5) using experimentally measured critical
radii at varying c.
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Figure 4.10. Force difference relative to the critical radius multiplied by roughness
(rRc) at each respective strain state. A plot of the force discrepancy (Eq. 4.5) using
experimentally measured critical radii and roughness at varying c.
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Figure 4.11. Contact angle hysteresis (b). The measured contact angle hysteresis with
respect to droplet radius as measured on a smooth gradient surface (r = 1).
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4.5 Mechano-adaptive Microdroplet Transport
We utilized our understandings of microdroplet transport on chemical gradients
with mechanically controlled microtextures to demonstrate dynamic surface-fluidic
capabilities and, by extension, expand the practical capabilities of gradient-based droplet
transport (Figure 4.12). The most fundamental capability stemming from this concept is
switching transport “on” from an “off” state, using the appropriate modulation of c (Figure
4.12A). To demonstrate this critical capability, we set c to 0.20 (the condition where
microdroplets do not move) and, in a single step, decreased c to 0.10 (Figure 4.12B). As
expected, a 3 µL microdroplet remained stationary on the surface until c was decreased
(at 5.85 s), at which point microdroplet transport commenced, reaching a peak velocity of
21.7 mm·s-1 (Figure 4.12C). This change in c represents a decrease in roughness from
1.25 ± 0.08 to 1.04 ± 0.02, which meets the condition described by Equation (4.11) for a
positive net force acting on the droplet.
Extension of this new capability enables controlled switching of the surface
between transport “on” and “off” states multiple times (Figure 4.12D). To demonstrate
this capability, we deposited a microdroplet on the film at c = 0.10, a condition where
transport was allowed, and rapidly increased c to 0.15 after 1.05 s, immediately suspending
microdroplet transport (Figure 4.12E). We then switched back to c = 0.10 at 5.35 s,
enabling microdroplet transport to continue. It was again possible to toggle transport “off”
then “on” once more by increasing c to 0.15 and then decreasing c to 0.05 (Figure 4.12E).
The velocity profile clearly highlights the controlled modulation of fluid transport
repeatedly along a single gradient surface (Figure 4.12F). Further analysis of the dynamic
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transport experiments above demonstrates that the velocity of microdroplet transport is also
variable and controllable using c (Figure 4.1C, Figure 4.12C, and Figure 4.12F).
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Figure 4.12. Controlling droplet transport dynamically using mechanical
deformations. A) General schematic and B) optical micrographs illustrating the dynamic
transition of fluid transport from an “off” state to an “on” state using mechanical strain
(compressive strain, c and time, t, are given). C) Temporal velocity profile of the
microdroplet extracted from the control sequence in panel B. D) Schematic and E) optical
micrographs illustrating the dynamic toggling of fluid transport between “on” and “off”
states using mechanical strain. F) Temporal velocity profile of the microdroplet extracted
from the control sequence in panel E. Scale bars = 2 mm.
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Previously, chemical gradients were used to transport water droplets against
gravity (up a 15° incline).3 We are able to elevate this functionality using our system by
rationally transporting microdroplets up (or down) inclines in an “on demand” fashion
(Figure 4.13). Specifically, we demonstrated the ability to modulate microdroplet motion
along a 30° inclined plane (Figure 4.13). A 3 µL microdroplet was deposited on the
hydrophobic end of the inclined film with c set to 0.20, the condition where transport is
not possible. We then stepped c to 0.10 and droplet transport proceeded as shown by the
rapid increase in its velocity (Figure 4.13B, C). This mechano-switching of droplet
motion at a 30° incline could be modulated multiple times, highlighting the dynamic
control of transport accessible using this approach (Figure 4.13B, C).
Similarly, we highlighted the ability for dynamic surface microtopography to
prevent a microdroplet from freely moving down the inclined film by controlling the
surface microtopography (and therefore increasing the hysteresis force to a magnitude
greater than that of the summative driving force from the gradient and gravity) (Figure
4.13D). Once again, in the presence of wrinkles at c = 0.20, transport was not possible,
and the droplet remained pinned despite the drive of the gradient and gravity (Figure
4.13E). When we decreased c to 0.10, transport proceeded and the microdroplet was
accelerated along the downward slope (Figure 4.13E, F), further emphasizing the
flexibility of this approach for controlling microdroplet transport across a range of
substrate orientations.
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Figure 4.13. Controlling droplet transport dynamically along inclined surfaces using
mechanical deformations. A) General schematic and B) optical micrographs
demonstrating dynamic toggling of fluid transport between “on” and “off” states on a 30°
inclined plane. C) Temporal velocity profile of the microdroplet extracted from the
control sequence in panel B. D) General schematic and E) optical micrographs
demonstrating dynamic toggling of fluid transport between “on” and “off” states on a 30°
declined plane. F) Temporal velocity profile of the microdroplet extracted from the
control sequence in panel E. Scale bars = 2 mm.
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4.6 Applications of Mechano-adaptive Microdroplet Transport Systems
In addition to modulating droplet transport and velocity along horizontal and
inclined planes, these films were used as mechano-activated self-cleaning devices (Figure
4.14A). First, we fabricated a film with two repeating chemical gradients, and “dirtied”
the film by covering the surface with metal dust (which provides convenient optical
contrast). Subsequently, we deposited water microdroplets on the hydrophobic end of
each chemical gradient at c = 0.20 where microdroplet transport was not expected
(Figure 4.14B). We then activated the self-cleaning process by decreasing c to 0
effectively reducing the surface roughness to 1. Surprisingly, even in the presence of
surface particles—which is known to alter surface topography/roughness—microdroplet
transport still proceeded along the chemical gradient, removing all particles in its path,
thereby cleaning the surface in this process (Figure 4.14B).
Finally, by taking advantage of the relationship between Rc and r, we developed a
simple droplet sorting device (Figure 4.14C). As demonstrated, when roughness
increases, the critical radius also increased, and therefore larger volume droplets are
required for transport on rougher surface gradients (Eq. 4.11, Figure 2C). Thus, a droplet
with a larger radius (volume) was expected to move faster (Eq. 4.6) and prior to a droplet
with a smaller radius (Eq. 4.11) as roughness decreased (Figure 4.14C). We highlighted
this functionality by depositing three microdroplets of increasing volumes (1 µL, 2.5 µL,
and 5 µL) on the hydrophobic end of the chemical gradient at c = 0.20. As expected,
droplet motion was not observed at this compressive strain (Figure 4.14D). We then
reduced the roughness by decreasing c to 0.10 (r = 1.04), initiating transport of the
largest (5 µL) droplet across the gradient as the net force balance (Eq. 4.11) became
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positive (Figure 4.14D). Under this condition the net force balance (Eq. 5) for the smaller
2.5 µL and 1 µL droplets remained negative and they did not move. We then initiated
transport of the 2.5 µL microdroplet by reducing c further to 0 (r = 1) where the force
balance (Eq. 4.11) became positive for this droplet (Figure 4.14D). The 1 µL droplet was
below the critical radius required for transport under any roughness condition and
remained at the point where it was initially deposited. This simple droplet sorting device
accentuates the utility of the relationship between the critical droplet radius and
roughness as it pertains to constructing fluid transport devices of increasing
sophistication using microtextured surface-chemical gradients.
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Figure 4.14. Mechanically activated self-cleaning surfaces and mechanically
controlled droplet sorting devices. A) Schematic illustration of the use of mechanical
deformations to activate droplet transport and thus self-cleaning functionality. B) Optical
micrographs of the mechanically activated self-cleaning process (insets are higher
magnification of the highlighted regions, and compressive strain, c is given). C)
Schematic illustration of the operation of a mechanically controlled droplet sorting
device. D) Optical micrographs of a droplet sorting device in operation. Transport of a 5
µL droplet occurs following activation of the gradient using a compressive strain of c =
0.1. Transport of a 2.5 µL droplet occurs following maximal activation of the gradient by
reducing compressive strain to c = 0.0. The 1 µL droplet is below the critical radius of
transport for this device and does not move.
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4.7 Conclusion
We demonstrated a simple yet powerful approach for the dynamic handling and
transport of liquid microdroplets using chemical gradients with mechanically switchable
microtextures. Additionally, we developed a predictive model—one that accounts for a
reduction of the driving force and surface roughness—to determine the conditions
(microdroplet radius and surface roughness) required for programmable droplet transport.
Using these understandings, we demonstrated the ability to control microdroplet velocity
and displacement reproducibly using mechanical strain and highlighted the on-demand
reversible programming of microdroplet transport on horizontal and tilted surfaces. We
further showcased the usefulness of these films in mechanically activated self-cleaning
materials and volume-based droplet sorting devices. Despite the simplicity of fabrication
and operation, technologies based on microtextured chemical gradients have the potential
for relatively sophisticated functionality due to the large number of control parameters
(e.g., pre, c, gradient chemistry and geometry, microdroplet composition and size, etc.)
which enable optimization of the transport properties.
We have focused on one PDMS formulation, a specific set of oxidation
parameters and pre-strain, and a well-studied type of chemical gradient, but it will be
possible to access different microtextures with distinct roughness states and chemistries
using different fabrication conditions and/or procedures. The general concepts described
in this work are applicable to other elastomers which may provide a range of mechanical
and/or chemical properties not possible using PDMS. In designing these protocols and/or
selecting new materials, it will be necessary to avoid surface cracking and other
irreversible surface microstructural changes, which we achieved here through carful

174

optimization of the oxidation conditions. Furthermore, the magnitude of the driving force
deviation from ideal is system dependent and the stability of the surface-chemical
gradients (which is typically on the order of days) must be considered for specific
applications and appropriate storage measures taken when necessary51.
We aimed to demonstrate/characterize the fundamental aspects of dynamic
droplet transport across single, one-dimensional (linear) gradients, which are ideally
suited for water harvesting, anti-fouling, and self-cleaning applications. Further
advancement of our system (i.e., incorporation of periodic gradients and/or energy input
to aid in the transition of droplets across the surface energy barrier present at gradient
boundaries) will be necessary to realize the full potential of this technology. We believe
that extensions of the demonstrated concepts will lead to more sophisticated surface
fluidic capabilities useful to, for example, biomedical and analytical devices, mechanoswitchable water sorting devices, surface lab-on-chip devices, and adaptive materials for
emergent robotic applications. For example, the use of mechano-activated, twodimensional (non-linear), periodic gradients together with the input of additional kinetic
energy (i.e., energy from mechanical vibration) could enable advanced lab-on-chip
functionality. In this way the inherent “one-way” transport of chemical gradients could
be overcome, and more intricate droplet manipulations realized. We anticipate that the
core capabilities reported here which leverage mechanically tunable, dynamic,
microtextured surface-chemical gradients represent a critical first step in synthesizing
programmable droplet transport systems with increasingly advanced functionalities.
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CHAPTER 5
PROGRAMMABLE DROPLET TRANSPORT USING MECHANICALLY
ADAPTIVE CHEMICAL GRADIENTS WITH ANISOTROPIC
MICROTOPOGRAPHY

The effect of anisotropic surface roughness on the spontaneous transport of
droplets on chemical wettability gradients has not been investigated. Understanding the
details of this process has the potential to unlock new fluid handling functionality critical
to the development of next generation surfaces with intelligent control capabilities.
Herein the fabrication of chemical gradients with mechanically tunable anisotropic
microtopography (microwrinkles with directional roughness) is described and the use of
these surfaces in programable microdroplet transport is reported. In particular, the
interplay between chemical gradient intensity, microwrinkle orientation, and droplet
velocity/trajectory was investigated, enabling the rational synthesis of surface fluidic
systems capable of mechanically programmable two-dimensional droplet manipulations,
vertical droplet transport, and droplet combination/mixing. These findings highlight the
sophisticated capabilities of these mechanically switchable droplet handling systems and
demonstrate new avenues for designing intelligent materials with programable transport
properties for potential use in surface/microfluidics, water harvesting, energy generation,
bioanalysis, and microreactor design
5.1 Introduction to Programmable Droplet Transport
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Surface energy gradients (i.e., chemical,

1,2

topographical,

3–5

thermal,

6,7

and

electrostatic8) facilitate the spontaneous and rational transport of droplets on hard and soft
materials, and have played a critical role in various applications (e.g., water harvesting,
energy generation, and surface fluidics).9,10 Recent focus has shifted to designing smart
interfaces capable of programmable and dynamic switching of transport states.8,9 Yet, the
programmable transport of droplets on surface energy gradients has predominantly been
tied to “one-way” (i.e., predetermined) tracks,9,11–13 a limitation inherent to the patterned
surface energy profile (i.e., chemistry and/or topography). Moreover, systems capable of
dynamically switching transport generally require lengthy/complicated fabrication
procedures, favorable environments (e.g., low humidity),8 sophisticated technologies/
power control systems (e.g., lasers14, vibration generators4, and magnets15), long
switching times,16 and continuous surface regeneration/activation.8 Therefore,
technologies that circumvent these limitations while allowing for versatile control of
transport would drastically increase the potential utility of these systems and expand their
application space.
In Chapter 4, we developed a simple and convenient method for the rapid
switching of microdroplet transport using mechanically regulated microtextured chemical
gradients. Here, mechanical stimuli tuned the magnitude of the hysteresis force (Fh),
thereby allowing for the modulation of the forces that influence droplet transport on
chemical gradients. In this chapter, we expand on the fundamental underpinnings of
mechanically switchable droplet transport and highlight the effect of the chemical
gradient intensity (

𝑑𝑐𝑜𝑠𝜃
𝑑𝑥

or Φ) and surface microtextural anisotropy on dynamic transport.

Specifically, by tuning Φ, we demonstrate regio-control of droplet motion and switchable
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transport on vertical planes. Furthermore, by controlling the relative orientation of the
surface chemical gradient and microtextural anisotropies, we overcome the inherent
“one-way” pathing limitations of gradient transport and highlight smart droplet pathing
and mixing.
5.2 Anisotropically Textured Chemical Gradients
To demonstrate this sophisticated mode of transport, we fabricated mechanically
responsive microtextured chemical gradients with increasingly sharp surface energy
profiles on elastic silicone films (i.e., polydimethyloxane, PDMS). The pre-strained and
ultraviolet ozone (UVO) oxidized silicone films spontaneously buckle and reversibly
form anisotropic wrinkled microtextures following stress release.17 These wrinkles
increase the surface roughness of the film which then amplifies the magnitude of the
hysteresis force and impedes droplet transport. Yet, the effect of anisotropic roughness
on droplet motion has not been realized despite the heterogeneous nature of surface
chemical gradients; thus, we highlighted the impact of surface anisotropy on dynamic
droplet transport. Specifically, we demonstrated that the 1-dimensional surface
roughness (in the direction of the gradient) was the major factor in modulating Fh. This
critical realization allowed us to synthesize transport systems with smart (i.e.,
mechanically switchable) microdroplet pathing. Further, by fabricating sharp chemical
gradients on microtextured surfaces, we highlighted dynamic transport of droplets on
vertically inclined planes—a capability previously only tenable through surface charge
gradients or capillary action.8 Our described strategy further elevates the complexity and
programmability of droplet transport systems and should find relevant applications in
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surface-/microfluidics, self-cleaning materials, energy harvesting, bioanalytical devices,
droplet microreactors, and smart and adaptive materials.
The rational manipulation of liquid droplets can be achieved through the
application of external forces and/or stimuli. These include light,16 magnets,15 surface
energy gradients,1,3 and mechanics.2,18 Relative to surface energy gradients, surface
charge printing (i.e., electrostatic gradients)8 and stimuli-activated surfaces (e.g., photoactivated)16 have enabled programmable droplet transport with increasingly sophisticated
capabilities (e.g., vertical transport). In a similar line of research, mechanical stimuli has
been extensively used in adaptive materials to fabricate systems with dynamic
topography (e.g., wrinkles)17,19,20 and interfacial properties (e.g., wettability).19,21,22 With
respect to adaptive wettability, liquid droplets were previously shown to preferentially
wet and move along anisotropically patterned surfaces (i.e., along the grooves of
wrinkled surfaces).23 Thus, we hypothesized that the precise arrangement of surface
chemical gradients on microtextured surfaces would provide a unique avenue for i)
controlling the hysteresis force and ii) enabling smart droplet pathing.
In Chapter 4, we clarified the intricate balance of forces acting on droplets
traversing microtextured chemical gradients.18 Briefly, a chemical driving force (Fd)
arising from the surface energy/chemical gradient must overcome the resistive action of
the contact angle hysteresis force (Fh) for droplet transport to occur. Further, in the
Wenzel wetting state, a strain-dependent roughness factor (r) dynamically tunes the
magnitude of Fh providing the means to modulate the resistive forces and therefore
droplet transport (Eq. 1).18 Thus, we concluded that the net force acting on a droplet
moving along a microtextured chemical gradient should be expressed as:18

F = Fd – Fh F =

𝜋 2
Rγ
𝐶
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Φ - 2γrR (cosθr - cosθa)

(1)

where F is the net force acting on the liquid droplet, C is a system-specific fitting
constant,18 R is the droplet radius, γ is the surface tension of the liquid droplet, Φ is the
gradient intensity (where Φ =

dcosθ
dx

), and (cosθr – cosθa) is the contact angle hysteresis

where θr and θa are the receding and advancing contact angles, respectively. We reasoned
that tuning the chemical gradient intensity (Φ in Eq. 1) would enable the synthesis of
mechanically switchable transport systems with diverse properties (e.g., droplet velocity)
and expanded control parameters (e.g., strain). To this end, we fabricated three chemical
gradients (following a previously established procedure) with distinct surface energy
profiles on the surface of polydimethylsiloxane (PDMS) and characterized their gradient
intensities by measuring the contact angles of water microdroplets deposited along the
gradient. For simplicity, we will refer to these gradient profiles as “dull”, “intermediate”,
dcosθ

and “sharp”, with the dull gradient possessing the smallest (
largest (

dx

) and sharp having the

dcosθ
dx

).

We highlighted the correlation between gradient intensity, critical radius (Rc), and
critical strain (εcs) along the three gradient profiles. Here, Rc is the smallest droplet radius
necessary for transport and εcs is the strain state required to arrest droplet transport. The
correlation of these properties allows for the fabrication of more complicated transport
systems. We sought to emphasize dynamic and spatial modulation of microdroplet
transport on a single film. Here, we spatially controlled/switched droplet transport along
predetermined zones by combining the three distinct gradient profiles onto a single
prestrained PDMS film and applied mechanical stimuli to tune the force balance and
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therefore microdroplet transport. Additionally, we used these microtextured chemical
gradients to trigger chemical reactions between microdroplets by mechanically switching
droplet transport.
5.3 Characterization of Mechanically Tunable Microtextured Chemical Gradients
We synthesized microtextured chemical gradients of varying steepness according
to the generalized procedure outlined in Figure 5.1A. We characterized Φ for each of the
three gradient profiles and measured Φ at 0.127 mm-1, 0.172 mm-1, and 0.295 mm-1 for
the dull, intermediate, and sharp gradients, respectively (Figure 5.1B). We then gradually
released pre-strain and measured the associated increase in surface roughness due to
wrinkle formation (Figure 5.1C). The fundamental equations that describe the
spontaneous transport of droplets on surface energy gradients predict a critical radius (Rc)
for when droplet transport ceases (i.e., v = 0 and F = 0). Here, Rc is dependent on the
strain state of the film (i.e., r) and the gradient intensity (Φ) due to their impact on the
hysteresis force and driving force, respectively. Therefore, we measured Rc for the dull,
intermediate, and sharp gradients at variable strain states, and showed the Rc decreases
with increasing gradient intensities and increases with roughness. Having established the
relationship between Rc, r, and Φ, we sought to highlight the effect of the surface energy
profile and roughness on the motion of a microdroplet with a fixed radius (Figure 5.1E).
Specifically, we deposited 3 µL water droplets on the hydrophobic end of the gradients
and measured droplet velocities (v) of 4.3 ± 0.4 mm·s-1, 9.0 ± 0.7 mm·s-1, and 25.0 ± 2
mm·s-1 at c = 0 for the dull, intermediate, and sharp gradients, respectively (Figure 1E).
The droplet velocities gradually decreased following the release of pre-strain/increase in
c (as a result of the associated increase in r which amplified Fh and reduced the

186

magnitude of F, Eq. 1) until the critical strain for the dull gradient was reached (v = 0
mm·s-1, c = 0.15). Here, we measured droplet velocities of 5.3 ± mm·s-1 and 19.4 mm·s-1
for the intermediate and sharp gradients, respectively. We then increased c to 0.20
(complete release of pre-strain) where we reached cs for the intermediate gradient and
droplet transport ceased. Further, we measured v = 16.8 mm·s-1 at c = 0.20 for the sharp
gradient (Figure 5.1E). We did not measure cs for the sharp gradient due to the limited
strain states accessible following our approach.

187

Figure 5.1. Synthesis and characterization of anisotropically textured chemical
gradients. A) General procedure for fabricating microtextured chemical gradients. B)
Characterization of the gradient intensities for the sharp, intermediate, and dull chemical
gradients. C) Roughness measurement relative to the film’s compressive strain. D) The
critical radius (Rc) relative to the surface roughness. E) The effect of gradient intensity on
the average velocity of a 3 µL water droplet at variable compressive strain states.
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5.4 Zonal and Vertical Switching of Droplet Transport
The dynamic relationship between Φ, v, and r inspired us to fabricate a spatially
programmable microdroplet transport system (Figure 5.2A). Specifically, we fabricated
the three chemical gradient profiles sequentially (dull, intermediate, and sharp) onto a
prestrained PDMS film (Figure 5.2A) and utilized their unique mechano-switchable
transport properties to demonstrate zonal activation (switch “on”) and deactivation
(switch “off”) of microdroplet transport (where each gradient corresponded to a zone).
We first demonstrated the state where the transport of a 3 µL water droplet was activated
along all three zones (dull, intermediate, and sharp) at c = 0 (Figure 5.2B). As expected,
the microdroplets deposited on the hydrophobic end of their respective zones
spontaneously moved towards the more wettable region of the chemical gradient. We
then deactivated transport in the dull zone by increasing c to 0.15 (cs for the dull
gradient, Figure 5.1C) while maintaining the other two zones in the activated state
(Figure 5.2C). Finally, we released pre-strain (c = 0.20) and in the process switched off
transport in the dull and intermediate zones while maintaining transport in the on state for
the sharp zone (Figure 5.2D). The synthesis of heterogeneous chemical gradient patterns
on microtextured films illustrates the potential for using mechanically tunable chemical
gradients in sophisticated transport applications.
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Figure 5.2. Controlling droplet transport along predetermined zones. A) General
approach for controlling transport along predetermined zones. B-D) Zonal switching of
transport at c = 0, c = 0.15, and c = 0.20, respectively. Scale bar = 5 mm.
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5.5 Smart and Adaptive Droplet Pathing
We utilized these microtextured chemical gradients to rationally control droplet
mixing for its importance in surface fluidic applications (e.g., bioanalysis). In particular,
we fabricated two dull chemical gradients in opposing directions so that the hydrophilic
portion of each gradient overlapped (Figure 5.3A). We then released pre-strain (c =
0.20) and deposited a Co(OAc)2 and a NaOH microdroplet (3 µL) on the hydrophobic
ends of each gradient. Initially, transport was switched off due to the film being above cs
for this type of gradient. We then switched transport on by straining the film to its
original pre-strain (i.e., reducing Fh) at which point both microdroplets began moving
towards each other until they collided at the overlapping hydrophilic ends. Their
collision triggered a chemical reaction resulting in the formation of Co(OH)2 precipitate
(Figure 5.3B) and enabled the mechanical modulation of on surface chemical reactions.
The transport of microdroplets on vertically inclined planes using surface
chemical gradients has not been realized despite its effectiveness for energy generation
and water harvesting applications. Therefore, we used the sharp chemical gradient—due
to its large Fd—to transport microdroplets on a vertically inclined plane (Figure 5.3C).
Here, a 3 µL droplet was transported 5 mm upwards on the vertically inclined surface
while the film was strained (c = 0) despite gravitational deformation of the microdroplet
(Figure 5.3D). We then extended this demonstration towards mechanically tunable
vertical transport (Figure 5.3E). When pre-strain was released (c = 0.20), the 3 µL
droplet did not move upwards on the film due to gravitational deformation of the droplet
and the corresponding increase in r (r = 1.25 ± 0.08) and Fh. Yet, following mechanical
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tensioning of the film (c = 0 and r = 1), transport was switched on and the microdroplet
readily traversed the vertical gradient (Figure 5.3E).
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Figure 5.3. Dynamic mixing and vertical motion. A, B) General procedure and optical
micrographs illustrating mechanically switchable microdroplet mixing and reaction. C)
General approach to switch droplet transport on vertical planes. D) Vertical transport on
the sharp gradient at c = 0. E) Dynamic vertical transport following stressing of the
microtextured film.
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Droplet transport on surface energy gradients has traditionally been confined to
“one-way” tracks as determined by the surface energy gradient pattern. We aimed to
elevate the sophistication of programmable microdroplet transport systems by removing
this fundamental limitation (Figure 5.4). It is well established that mechano-induced
surface roughness is anisotropic; specifically, r and therefore Fh (Eq. 1) are highest along
the direction of strain (Figure 5.5). Thus, we anticipated that mechanically tunable
microdroplet transport on microtextured chemical gradients to depend on the gradient
orientation relative to the surface microtextural anisotropy. To probe this hypothesis, we
first measured the 1-dimensional (1D) roughness along different directions of the
wrinkled/microtextured surface (Figure 5.4B) and verified that the 1D roughness was
highest along the direction of strain (i.e., orthogonal to the wrinkles). We then fabricated
dull gradients at varying sloped angles (relative to the direction of strain) and measured
the change in Rc with c (i.e., r). Specifically, Rc changed from 0.91 ± 0.04 mm at c = 0
(r = 1.00 ± 0.01) to Rc = 1.54 ± 0.06 mm at c = 0.15 (r = 1.15 ± 0.02) when the gradient
was fabricated along the direction of strain (i.e., 0° gradient orientation) (Figure 5.4B, C).
However, the change in Rc with respect to c was less significant when the gradient was
synthesized with increasing slopes. This effect was most pronounced when the gradient
was patterned along the wrinkles (i.e., orthogonal to strain direction, 90°) where Rc
remained relatively constant with increasing c (Rc = 0.99 ± 0.03 mm at c = 0 and Rc =
1.05 ± 0.04 mm at c = 0.15, Figure 5.4C). Similarly, the effect of the anisotropic surface
roughness on a 3 µL (i.e., constant R) droplet’s velocity was most significant when the
droplet was traversing against the wrinkles (i.e., 0° gradient orientation). On the other
hand, microdroplet velocity remained relatively constant when the droplet was moving
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along the wrinkles (Figure 5.4D). The influence of surface microtextural anisotropy on
Rc and v highlights the importance of assessing the 1D surface roughness in the direction
of the gradient as opposed to 2D (i.e., area) roughness for droplet transport on
microtextured surfaces.
Having established the influence of surface anisotropy on droplet transport, we
sought to illustrate smart and dynamic microdroplet pathing by leveraging the
preferential wetting of droplets on textured surfaces.23 Here, we fabricated a dull
chemical gradient at a 60° angle relative to the direction of strain following the procedure
outlined in Figure 5.4A. The transport of microdroplets deposited on the hydrophobic
end of the gradient proceeded as expected (i.e., along the gradient/“track 1”) on the
unstrained film (c = 0, Figure 5.6A). However, following pre-strain release (c = 0.20),
the microdroplet moved along the grooves of the wrinkles (i.e., “track 2”) as if the
gradient was fabricated orthogonal to the direction of strain (Figure 5.6B). We believe
this smart pathing occurred for two reasons. As noted previously, the roughness of
wrinkled surfaces is anisotropic; therefore, droplet transport along the wrinkles (c =
0.20) was more favorable due to the higher Fh along the gradient path. Further, we
believe a slight change in the gradient orientation transpired following the release of prestrain which also guided transport along the wrinkles. We then applied these findings
towards the design of a simple microreactor device with mechano-programmable pathing
(Figure 5.6C). First, we placed a 3 µL CuCl2 (0.5 M) droplet and a 3 µL FeCl3 (0.5 M) on
the hydrophilic ends of the unstrained (c = 0) sloped dull gradient (separated by a short
distance, Figure 5.6C). Afterwards, we deposited a 3 µL NaOH droplet (1 M) on the
hydrophobic end of the chemical gradient (so that the three droplets CuCl2-NaOH-FeCl3
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form a 30° angle, Figure 5.6D) at which point the NaOH microdroplet began traversing
along track 1 towards the hydrophilic end of the sloped gradient (as expected) where it
reacted with the FeCl3 microdroplet forming Fe(OH)3 (brown precipitate, Figure 5.6D).
We then released pre-strain (c = 0.20) and repeated the above process; however, this
time the NaOH microdroplet did not traverse the sloped gradient as governed by the
gradient (where it would have reacted with the FeCl3 microdroplet), and instead moved
along the wrinkles/track 2 where it reacted with the CuCl2 microdroplet and formed
Cu(OH)2 (blue precipitate, Figure 5.6E). This simple strategy illustrates a new approach
for synthesizing smart and adaptive droplet transport systems for potential application in
bioanalytical devices.
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Figure 5.4. The effect of anisotropic microtexture on droplet transport. A) Schematic
illustrating the fabrication of chemical gradients relative to the direction of strain. B) 1dimensional surface roughness in variable directions with strain. C) The effect of the
directionality of the dull chemical gradient on the critical radius (Rc) for microdroplet
transport. D) The velocity of a 3 µL droplet along different orientations of the dull
gradient with respect to the film’s compressive strain.
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Figure 5.5 Droplet transport on an anisotropically wrinkled surface. A) Optical
micrograph of a microtextured film at c = 0.20 highlighting the transport of
microdroplets along different surface directions. B-E) Surface microtextural profile along
0°, 30°, 60°, and 90° surface directions relative to pre-strain.
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Figure 5.6. Smart and adaptive droplet pathing. A) Droplet transport along track 1 at
c = 0. B) Droplet transport along track 2 following the release of pre-strain (c = 0.20).
C) General schematic illustrating smart droplet mixing. D, E) Optical micrographs
showing switchable microdroplet mixing/reaction at c = 0 and c = 0.20, respectively.
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5.6 Conclusion
In this work, we highlighted the effect of anisotropic surface roughness on
programmable droplet transport. We clarified the interplay between the fundamental
variables that describe microtextured chemical gradients (Φ and r) and their effect on
microdroplet velocity and the critical radius for transport. Moreover, we applied this
newfound insight towards mechanically switchable transport along predetermined zones,
vertical planes, and tunable droplet mixing. We then showed that 1-dimensional surface
roughness (in the direction of the chemical gradient) plays a critical role in tuning
transport properties (i.e., v and Rc). Lastly, we applied these anisotropic surfaces and
demonstrated smart and dynamic droplet pathing for use in on surface microdroplet
reactors. Unlike traditional programmable transport systems, our system is simple to
fabricate, relatively inexpensive, and can be operated using simple tools or biomechanical
input from the user. Moreover, devices based on these microtextured chemical gradients
are capable of sophisticated, versatile, and programmable functionality (i.e., dynamic
motion, complex mixing, etc.) due to number of straightforwardly tunable parameters
(e.g., pre-strain, oxidation time, Φ, gradient orientation, microtexture geometry, etc.).
As demonstrated in this work, it is critical to consider the anisotropic surface
geometry/roughness and chemistry of these textured gradient surfaces as they have
significant influence on the preferential wetting and movement of droplets. Additionally,
vertical transport is limited to short distances due to the necessary tradeoff required to
overcome the hysteresis force. However, further optimization of the gradient intensity
and/or topography could propel droplets farther on vertical surfaces. The use of
mechanical stimuli for controlling droplet transport on microtextured chemical gradients
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should find use in smart and adaptive materials, bioanalytical devices, energy generation,
adaptive water harvesting systems, micro/surface fluidics, anti-icing technologies, and
adaptive self-cleaning textiles.
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CHAPTER 6
FUTURE OUTLOOK FOR LEVERAGING MATERIAL MECHANICS
TO TUNE INTERFACIAL CHEMISTRY, PROPERTIES, AND
REACTIVITY

6.1 Future Outlook for Smart and Adaptive Interfaces
In this thesis, I have highlighted the use of mechanical stimuli to tune interfacial
properties (e.g., chemistry, wettability, and adhesion) for applications in patterning
(Chapter 1), adaptive superhydrophobic surfaces (Chapter 2), microfabrication (Chapter
3), and dynamic/programmable droplet transport (Chapters 4-5), however the
fundamental knowledge gained here can be applied for further development of intelligent
and adaptive interfaces. For example, mechanical stress in polymeric materials was
previously employed for the release of small organic molecules.1,2 These mechanoactivated molecules, otherwise known as “mechanophores”,1 have potential applications
in drug delivery,3 stretchable and self-healing materials,4 and as sensors.5 The bulk of
these investigations have focused on the mechanochemistry of bulk supports, yet, the
effect of mechanical stresses on interfacial chemistry (i.e., mechanochemistry) remains
limited.6 Inspired by polymeric mechanophores,2,4 we believed the fundamental
principles of mechanochemistry could be applied to tuning the surface chemistry of
inorganic metal functionalized interfaces (Figure 6.1).
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6.2 Synthesis of Interfaces for Mechanochemistry Applications
To fabricate mechano-activated silicone interfaces, we exposed a PDMS film to
oxygen plasma (Figure 6.1A) and generated surface silanol moieties. We then covalently
attached an amine terminating silane (e.g., 3-aminopropyltriethoxysilane, APTES) to the
surface of the oxidized PDMS film through a simple kinetically driven hydrolysis
reaction (Figure 6.1B). Here, the organosilane molecules act as a Lewis bases for
subsequent metal-ligand interactions (Figure 6.1C). After metal complexation to the
PDMS surface, we hypothesized that mechanical stimuli would break the metal-ligand
bonds, and in-effect tune the surface chemistry while simultaneously releasing the metal
catalyst mechanophore (Figure 6.1D).
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Figure 6.1. Surface metalation approach. A-C) General schematic for surface
functionalization of silicone elastomers with metal mechanophores. D) Application of
mechanical stimuli for the targeted release of surface bound metal catalysts.
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A prior study highlighted the application of mechanical stimuli to break metalligand bonds, and in-turn drastically improve the elastic and self-healing properties of an
amine modified polydimethylsiloxane polymer.4 With respect to surface-bound
mechanophores (Figure 6.2A), we anticipated that the application of mechanical stress on
films that were submerged in an aqueous solution would strain the metal-ligand bond and
render the surface organometallic complex susceptible to nucleophilic attack from solvent
molecules (Figure 6.2B, C). Nucleophilic attack here would cause the two metal-ligand
bonds to sequentially break (Figure 6.2C) and induce release the metal catalyst from the
surface into solution, thereby activating the surface in the process. Thus, we applied
mechanical stimuli to release inorganic molecules for use in catalytic systems.
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Figure 6.2. General mechanism for mechano-induced release of surface bound metal
catalysts. A) Surface chemistry of metalized surface. B, C) Stress-induced lysing of
metal-ligand bonds due to nucleophilic attack from H2O. D) Resulting surface chemistry
following mechanical stress.
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6.3 Characterization of Metalated Silicone Surfaces
In Chapter 1, we discussed the effects of mechanical stress on the surface
wettability of plasma oxidized PDMS films.7 Specifically, we elaborated on the
mechano-induced hydrophobic recovery of these films following stress application. The
information gleaned from these studies indicated that surface characterization through
contact angle measurements would be inconclusive. Therefore, we confirmed surface
derivatization with the nitrogen terminating silane (PDMS-APTES) through x-ray
photoelectron spectroscopy (XPS, Figure 6.3). Here, we detected a nitrogen peak (N1s)
at 400 eV (Figure 6.3A) which corresponded to 2.2% surface atomic concentration. We
anchored a metal catalyst onto the surface through metal-ligand interactions.
Specifically, we functionalized the amine terminating PDMS surface with a copper(II)
metal catalyst (CuCl2) . Following treatment with copper chloride (PDMS-APTES-Cu),
we observed a doublet signal at 932.7 and 925.3 eV corresponding to the Cu 2p 3/2 and
Cu 2p 1/2 peaks, respectively (Figure 6.3B).
We investigated the effects of mechanical stimuli on the surface composition of
the metalated films. Here, we analyzed the metalated films by XPS and fluorescence
microscopy before and after stress cycling (50 cycles, ε = 1, rate = 30 mm⋅s-1) in an
aqueous medium with a hand-made mechanical tensioning device (Figure 6.4A-C). The
copper surface atomic concentration of uniaxially stressed PDMS-APTES-Cu films
decreased by 84% (Figure 6.4B, Table 6.1). Furthermore, the nitrogen to copper ratio for
uniaxially stressed films increased from 4.2 to 9.8 indicating that a substantial amount of
copper(II) ions were no longer detectable on the surface (i.e., possible displaced into
solution). We observed an additional decrease in the surface copper concentration upon
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mechanically stress cycling the metalated films uniaxially along both axis (Figure 6.4C).
In particular, the total surface copper concentration decreased by 97% from the
unstressed film, and the nitrogen to Cu(II) ratio further increased to 17.
6.4 Mechano-activated Catalysis
Encouraged by the potential release of surface-bound catalysts, we probed the
potential application of our system for the mechano-activated catalysis of the
Bindschedler’s Green reaction (Figure 6.5).8 This photometrically monitored reaction (λ
= 725 nm) between N,N-dimethylaniline (DMA) and N,N-dimethyl-pphenylenediammine (DMPD) is best suited for systems with trace copper concentrations
(e.g., surface metalated films). We fabricated a porous PDMS film and metalated the
surface according to the procedure outlined in Figure 6.1. We then submerged the porous
film in a solution containing hydrogen peroxide, DMA, and DMPD and mechanically
stress cycled the film to mechanically activate the chemical reaction (Figure 6.6A). The
solution’s absorbance (λ = 725 nm) remained relatively constant when the film was not
mechanically activated (Figure 6.6 B, C). However, following stress cycling, the
solution’s color turned from clear (λ725 nm = 0.015) to green after 5 minutes (λ725 nm =
1.440, Figure 6.6D, E) indicating mechano-activated catalysis.
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Figure 6.3. Surface characterization via XPS. A) XPS spectrum of the N1s peak for a
PDMS film functionalized with APTES. B) XPS spectrum of the Cu 2p peak following
copper derivatization of the nitrogen modified PDMS film from panel A.
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Figure 6.4. Effect of mechanical stimuli on surface metal concentration. A-C) High
resolution XPS spectra of the Cu 2p peaks prior to and after uniaxial and biaxial
mechanical stress cycling of copper functionalized PDMS films, respectively. D) Spectra
overlap of panels A-C highlighting the gradual decrease in surface metal concentration
following mechanical stimuli.
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Table 6.1. XPS elemental analysis (atomic % composition) of surface metalated PDMS
films before and after mechanical stress cycling (50 cycles, ε = 1, rate = 30 mm⋅s-1).
Sample

Si

O

C

N

Cu

Unstressed

24.9

34.0

38.2

2.42

0.56

26.1

33.9

38.3

1.53

0.19

PDMS-AEAPTS-Cu
Stressed
PDMS-AEAPTS-Cu
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Figure 6.5. Copper catalyzed reaction between N,N-dimethylaniline and N,N-dimethylp-phenylenediammine resulting in the formation of Bindschedler’s Green.
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Figure 6.6. Mechano-activated catalysis. A) Mechano-activated catalysis of the
Bindschedler’s green reaction. B) Optical image of an unstressed porous PDMS-AmineCu film immediately after being placed in a reaction vessel. C) after 5 mins. D) Optical
image of a mechanically stressed porous PDMS-AEAPTS-Cu substrate immediately after
stress cycling in a reaction vessel. E) after 5 mins. (A725nm measurements provided
underneath each image).
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Next, we sought to determine the cause for the mechano-activated catalysis and
change in surface chemical composition. We analyzed the metalated films by
fluorescence spectroscopy following fluorophore labelling to clarify the results obtained
by XPS (Figure 6.7). We labelled PDMS-APTES-Cu films with 1,2diaminoanthraquinone (DAAQ)9—a copper activated fluorophore—and analyzed the
surface by fluorescence microscopy before (Figure 6.7A) and after (Figure 6.7B)
mechanical stress cycling in DI H2O (50 cycles, ε = 1, rate = 30 mm⋅s-1). Here, the
release of the surface-bound metal mechanophore was expected to correspond with a
decrease in the measured fluorescence intensity given the strain-induced change in
surface chemical composition (Figure 6.4). However, we did not observe an appreciable
change in the fluorescence intensity following mechanical stress cycling (Figure 6.7C).
The most logical justification for the discrepancy between the XPS and fluorescence
microscopy results relates to the difference in the probing depths of each technique. XPS
probes the top few nanometers of the surface10 while the probing depth of microscopic
techniques depends on the focal plane of the operational lens. Thus, on a nanoscopic
level, the surface composition was heavily influenced by stress. Whereas on a
microscopic level, the changes were not detectable. These results suggested that the
mechano-induced catalysis and reduced surface copper concentration was not caused by
the release of surface-bound copper ions.
To further validate this assertion, we measured the amount of copper(II) released
from the surface of metalated films following mechanical stimuli (Figure 6.8). We
placed aliquots of water on the surface of a PDMS-APTES-Cu film then carefully stress
cycled the film and isolated the water solution for analysis by inductively coupled plasma
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mass spectrometry (ICP-MS). ICP-MS enables the identification of trace analytes with
low detection limits. Despite the low detection limits of this technique (copper detection
limit = 100 parts per trillion), we did not measure appreciable amounts of copper in
solution, further confirming that surface-bound copper was not being released from the
surface. Hence, we believe that mechanical stress was altering the surface composition
through surface rearrangement at the nanoscopic levels, a consequence of strain-induced
polymer mobility.11 Further, the mechano-induced catalysis (Figure 6.6) could be
attributed to the release of adsorbed catalytic species in the microporous film.
Although we were successful in applying mechanical stimuli to alter the surface
chemistry, we were not successful in releasing surface-bound metal catalysts from the
metalated elastomeric films. We believe there remains promising avenues worth probing
in future investigations. For example, we only explored a limited range of strain in our
system (i.e., up to ε = 1). However, some studies indicate that higher strain states are
necessary in mechanochemistry applications.12,13 To achieve these higher strain states, it
is important to evaluate a material’s mechanical properties and interfacial chemistry.
Thus, silicone polymers such as polydimethylsiloxane (i.e., Sylgard 184)—due to its low
fracture strain—may not be the most suitable elastomer for these studies. Furthermore,
the interplay between the ligand linker length with respect to stress tolerance should be
considered for optimizing metal-ligand bond breakage and catalysis.14 Lastly, catalyst
ductility (i.e., softness or hardness) and the number of coordination sites to the organic
ligand may complicate mechano-activation (i.e., catalyst release) due to increasing the
chelation bond energy.5,15 With respect to catalytic mechanochemistry, other strategies
(e.g., noncovalent-ligand interactions) such as nonspecific adsorption or Van der Waal
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interactions may be more promising endeavors worth exploring. Nonetheless, the
optimization of the outlined parameters should enable application in various
mechanochemical systems (e.g., catalysis, drug delivery, and sensing).
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Figure 6.7. Fluorescence of mechanically stressed metalated films. A, B) Optical
fluorescence microscopy micrographs of DAAQ treated PDMS-APTES-Cu films before
and after mechanical stress cycling (50 cycles, ε = 1, rate = 30 mm⋅s-1), respectively. C)
The corresponding fluorescence pixel intensity plot of the images from panels A and B.
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Figure 6.8. General process highlighting the isolation of surface-bound copper catalysts
following mechanical stress.
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6.5 Synthesizing Heterogeneous Chemical Patterns on Mechano-responsive
Surfaces
Another strategy relevant to the application of adaptive interfaces is utilizing
mechano-switchable wettability for fabricating heterogeneously patterned surface
chemistries on mechanically responsive materials. As discussed in Chapters 2 and 4,
droplet wettability on rough/textured surfaces primarily follows the Wenzel and CassieBaxter wetting models. In the Cassie-Baxter wetting regime (i.e., on rough surfaces with
low wettability), droplets only contact the topmost region of the textured surface (Figure
6.9).16 With regards to mechanically responsive surfaces, droplet contact and wettability
is dependent on the surface topography, which in-turn relies on the strain state of the
surface.17 Hence, by controlling droplet wetting, we can control surface functionalization
of these mechanically responsive materials (Figure 6.10).
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Figure 6.9. Droplet following the Cassie-Baxter wetting model on a wrinkled surface.

223

Figure 6.10. Schematic illustrating the general concept for dynamic derivatization of
mechanically microtextured surfaces. The change in surface color corresponds to the
different surface modifications.
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A common strategy for fabricating dynamic microtopography on silicone surfaces
is through buckling instabilities (i.e., wrinkling, see Chapter 4). These wrinkles emerge
due to the mechanical mismatch of a brittle interface and the underlying elastomeric
support.18 Traditionally, wrinkles are fabricated on silicone elastomers (i.e., PDMS)
following surface oxidation. These oxidation processes increase the surface wettability
which favors the Wenzel wetting state. Thus, it is necessary to reduce the surface
wettability through chemical modification following oxidation. Here, we modified the
surface of a prestrained PDMS film (prestrain = 40%) with a hydrophobic fluorosilane
moiety (perfluorooctyltrichlorosilane) which increased the water contact angle to 108 ±
3°.
6.6 Cassie-Baxter Wetted Surfaces
To determine the surface wetting regime and the surface derivatized regions, we
utilized fluorescence microscopy. We modified the fluorinated surface with APTES
while the film was strained to ensure complete surface modification with the amine
terminating silane. We then released prestrain to induce wrinkle formation. Afterwards,
we labelled the APTES modified surface with fluorescein isothiocyanate (FITC, see
Chapter 3). Here, the green fluorescence signal would illuminate the regions of FITC
derivatization (Figure 6.11). We observed fluorescence banding on the surface closely
matching the unstrained wrinkle profile, indicating Cassie-Baxter wetting during FITC
labelling. Following FITC labelling, we restrained the film to remove the
wrinkles/ensure complete wetting and then functionalized the surface with Cyanine 5 (a
red fluorescent dye, Figure 6.12). Unfortunately, we were unable to obtain
heterogeneously patterned fluorescent surfaces with high fidelity. We attributed this
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observed effect to the unexpected molecular interactions between FITC and cyanine 5.
Yet, this demonstrated approach could still enable the fabrication of sophisticated and
heterogenous patterns that would be otherwise challenging to accomplish through
traditional means. We believe that with further process optimization (e.g., improved
fluorophore selectivity), complicated chemical patterns based on mechanically responsive
topography could be realized.
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Figure 6.11. An optical fluorescence micrograph of a strained (i.e., nonwrinkled)
fluorinated PDMS film following APTES and FITC derivatization.
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Figure 6.12. A fluorescence microscopy image showing the location of cyanine 5 (red
dye) and FITC (green dye) surface functionalization.
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6.7 Conclusion
In this chapter, we highlighted two potential concepts that built on the developed
strategies discussed in earlier chapters. The first concept which incorporated
mechanochemistry allows for the manipulation and control of surface chemistry through
the application of mechanical stimuli. Mechanochemistry is still in its infancy and needs
further development, but it holds tremendous promise for creating mechanically tunable
surfaces through organic and inorganic bond breakage, surface rearrangement, and/or
mechanophore activation. The second approach which leveraged the unique interplay
between surface wetting and adaptive topography enabled the fabrication of
heterogeneous chemical patterns. Although this strategy needs more optimization, it
demonstrates a new avenue for synthesizing chemical patterns that can be readily tuned
through the application of mechanical stimuli (i.e., tuning the surface topography). These
two concepts only illustrate a small set of examples for the potential future development
of this dissertation. For these strategies to be successful, it will important to consider the
effect of mechanical stress on the surface chemistry, topography, and solution-phase
interactions. I am happy to have contributed to the development of mechanically tunable
interfaces and I look forward to seeing the continued development of these materials

229

References
1. Sottos, N. R. Flex, Release and Repeat. Nature Chem. 2014, 6 (5), 381–383.
2. Brantley, J. N.; Wiggins, K. M.; Bielawski, C. W. Polymer Mechanochemistry: The
Design and Study of Mechanophores: Polymer Mechanochemistry. Polym. Int. 2013, 62
(1), 2–12.
3. Tong, R.; Lu, X.; Xia, H. A Facile Mechanophore Functionalization of an
Amphiphilic Block Copolymer Towards Remote Ultrasound and Redox Dual Stimulus
Responsiveness. Chem. Commun. 2014, 50 (27), 3575.
4. Li, C.-H.; Wang, C.; Keplinger, C.; Zuo, J.-L.; Jin, L.; Sun, Y.; Zheng, P.; Cao, Y.;
Lissel, F.; Linder, C.; You, X.-Z.; Bao, Z. A Highly Stretchable Autonomous SelfHealing Elastomer. Nature Chem. 2016, 8 (6), 618–624.
5. Epstein, E.; Kim, T. A.; Kollarigowda, R. H.; Sottos, N. R.; Braun, P. V. ForceModulated Equilibria of Mechanophore–Metal Coordinate Bonds. Chem. Mater. 2020,
32 (9), 3869–3878.
6. Sung, J.; Robb, M. J.; White, S. R.; Moore, J. S.; Sottos, N. R. Interfacial
Mechanophore Activation Using Laser-Induced Stress Waves. J. Am. Chem. Soc. 2018,
140 (15), 5000–5003.
7. Mazaltarim, A. J.; Taylor, J. M.; Konda, A.; Stoller, M. A.; Morin, S. A. Mechanically
Induced Hydrophobic Recovery of Poly(Dimethylsiloxane) (PDMS) for the Generation
of Surfaces with Patterned Wettability. ACS Appl. Mater. Interfaces 2019, 11 (36),
33452–33457.
8. Shigenori, N.; Hayashi, M.; Kawashima, T. Determination of Nanogram Amounts of
Copper(II) by the Catalytic-Photometric Method. Anal. Sci. 1993, 9, 695-699.

230

9. Udhayakumari, D.; Velmathi, S.; Sung, Y.-M.; Wu, S.-P. Highly Fluorescent Probe
for Copper(II) Ion Based on Commercially Available Compounds and Live Cell Imaging.
_Sensor. Actuat. B-Chem. 2014, 198, 285-293._
10. Fadley, C. S. X-ray Photoelectron Spectroscopy: Progress and Perspectives. J.
Electron Spectrosc. Relat. Phenom. 2010, 178-179, 2−32.
11. Fritz, J. L.; Owen, M. J. Hydrophobic Recovery of Plasma-Treated
Polydimethylsiloxane. J. Adhes. 1994, 54 (1-4), 33-45.
12. Gossweiler, G. R.; Hewage, G. B.; Soriano, G.; Wang, Q.; Welshofer, G. W.; Zhao,
X.; Craig, S. L. Mechanochemical Activation of Covalent Bonds in Polymers with Full
and Repeatable Macroscopic Shape Recovery. ACS Macro Lett. 2014, 3 (3), 216–219.
13. Beyer, M. K.; Clausen-Schaumann, H. Mechanochemistry: The Mechanical
Activation of Covalent Bonds. Chem. Rev. 2005, 105 (8), 2921–2948.
14. Piermattei, A.; Karthikeyan, S.; Sijbesma, R. P. Activating Catalysts with
Mechanical Force. Nature Chem. 2009, 1 (2), 133–137.
15. Di Giannantonio, M.; Ayer, M. A.; Verde‐Sesto, E.; Lattuada, M.; Weder, C.;
Fromm, K. M. Triggered Metal Ion Release and Oxidation: Ferrocene as a
Mechanophore in Polymers. Angew. Chem. Int. 2018, 57 (35), 11445–11450.
16. Bormashenko, E. Why Does the Cassie-Baxter Equation Apply? E. Colloids Surf., A
2008, 324, 47–50.
17. Zhang, Z.; Zhang, T.; Zhang, Y. W.; Kim, K.-S.; Gao, H. Strain-Controlled
Switching of Hierarchically Wrinkled Surfaces between Superhydrophobicity and
Superhydrophilicity. Langmuir 2012, 28 (5), 2753–2760.

231

18. Bowden, N.; Brittain, S.; Evans, A. G.; Hutchinson, J. W.; Whitesides, G. M.
Spontaneous Formation of Ordered Structures in Thin Films of Metals Supported on an
Elastomeric Polymer. Nature 1998, 393 (6681), 146–149.

232

APPENDIX I
MATERIALS, METHODS, AND INSTRUMENTATIONS USED IN THE
PRESENT WORK

AI.1. Materials & Methods
AI.1.1. Silicone Polymers
The silicone elastomer used throughout this dissertation was
polydimethylsiloxane (PDMS), Sylgard® 184 silicone elastomer kit (Dow Corning,
Midland, MI). The silicone elastomer was prepared following the manufacturer’s
recommended procedure. Briefly, a mixture of 10:1 base to curing agent prepolymer was
poured into a plastic cup and degassed in a vacuum desiccator for 15 minutes. The
degassed PDMS was then poured onto a precleaned silicon wafer and placed into a
convection oven at 60°C for 2 hours.
AI.1.1.1. Reagents Used to Extract PDMS of Uncured Monomers
The extraction of uncured monomers (Chapter 1) was performed following a
standard procedure.1 Cured PDMS was placed into a crystallization dish with 200 mL of
triethylamine and gently agitated using a mechanical shaker. After 1 hour, the solvent
aliquot was discarded and replaced with a fresh aliquot of triethylamine. This procedure
was repeated with ethyl acetate and finally with acetone. The extracted PDMS (ePDMS)
was then placed into a 60°C oven overnight to remove residually trapped solvents. All
solvents were purchased from (Fisher Scientific, Chicago, IL) and used as received.
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AI.1.2. Oxidation of PDMS Films
AI.1.2.1. Plasma Oxidation
In Chapter 1, PDMS was cut into 5 x 2 cm strips, placed onto a precleaned
microscope slide, and oxidized inside an O2 plasma oxidation chamber (Plasma Etch Inc.,
Carson City, NV, Model #PE-25 Series) at 15 W power for 10 seconds. To reoxidize
superhydrophobic films in Chapter 2, we treated chemically etched UVO oxidized PDMS
films with plasma for 30 s at 15 W power. For the fabrication of nanoscopic patterns in
Chapter 3, PDMS films were oxidized at 15 W power for 10 seconds. In Chapter 6,
PDMS films used for surface metalation were oxidized at 45 W power for 60 seconds.
AI.1.2.2. Ultraviolet Ozone Oxidation
In Chapters 2 and 3, PDMS films were place under an ultraviolet ozone (UVO)
lamp (Grid Lamp, AssY, 5” × 5” × 0.5” BHK Inc., Claremont, CA) with 3 mm separation
between the films and the lamp for 60 mins. In Chapters 4 and 5, PDMS films were
exposed to ultraviolet ozone for 90 mins.
AI.1.3. Reagents for Solution-phase Dissolution of Oxidized Silicone Interfaces
In Chapters 1-3 and Chapter 6, we used sodium phosphate monobasic, sodium
phosphate dibasic, and sodium phosphate tribasic (Fisher Scientific, Chicago, IL) to
create 0.1 M pH 7.0 and pH 12.0 phosphate buffer solutions. In Chapters 1 and 6, we
used 0.1 M pH 7.0 phosphate buffer solutions and in Chapters 2 and 3, we used a mixture
of pH 7 and pH 12 buffer solutions.
AI.1.3.1. Chemical Dissolution Procedure
In Chapters 1 and 6, we placed oxidized PDMS films in a 50 mL conical tube
containing 0.1 M pH 7.0 phosphate buffer and placed the solution into a convection oven
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at 80 °C for 1 hour. In Chapter 2, we placed UVO oxidized PDMS films in a 50 mL
conical tube containing 0.1 M pH 12.0 phosphate buffer at 90 °C for the specified
duration. In Chapter 3, we used both the neutral and alkaline phosphate buffer solutions
at the specified conditions.
AI.1.4. Organosilane Surface Coupling Reagents
In Chapters 2, 3, and 6 we used perfluorooctyltrichlorosilane (Alfa Aesar,
Haverhill, MA) to fluorinate the surface of PDMS films and rendering them hydrophobic.
This reagent was used as received. In Chapters 4 and 5, decyltrichlorosilane (TCI
America, Portland, OR) was diluted in light mineral oil (Fisher Scientific, Chicago, IL)
and used for the generation of chemical gradients following a diffusion procedure. In
Chapter 6, we used 3-aminopropyltriethoxysilane (APTES) and 3aminoethylaminopropyltriethoxysilane (AEAPTS) to impart amine terminating functional
groups onto PDMS. These reagents were purchased from Sigma Aldrich and Gelest and
used as received.
AI.1.4.1. Surface Modification with Fluorosilane Reagent
In Chapters 2 and 3, the chemically etched and UVO oxidized PDMS films were
placed inside a vacuum desiccator along with a small glass vial containing 20 µL of
perfluorooctyltrichlorosilane. The desiccator was placed under vacuum for 20 mins at
which point the vacuum was switched off. The films were kept in the desiccator for 2 hrs
to ensure surface functionalization. Finally, the samples were rinsed with aliquots of
deionized H2O, dried with N2 and used for further analysis.
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AI.1.4.2. Surface Modification with Amine Terminating Silanes
In Chapter 6, plasma oxidized PDMS films were placed inside a 50 mL conical
tube containing 5% (v/v) solutions of 3-aminopropyltriethoxysilane or 3aminoethylaminopropyltriethoxylsilane in 0.1 pH 7.0 phosphate buffer. The conical tube
was placed inside a convection oven at 80 °C for 1 hr. A fterwards, the films were rinsed
with aliquots of DI H2O then dried with N2 gas and used for further analysis.
AI.1.5. Reagents for Surface Chemical Reactions
We labelled the amine terminated surface with fluorescein isothiocyanate (FITC,
a green fluorescent dye) and cyanine 5 (a red fluorescent dye). These reagents were
purchased from Fisher Scientific and used as received.
AI.1.6.1. Surface Metalation
In Chapter 6, we placed APTES derivatized PDMS films in a 50 mL conical tube
containing 0.5 M CuCl2 solutions (in nanopure H2O) and inserted the conical tube into a
60 °C convection hour for 2 hrs. Afterwards, the films were rinsed generously with
aliquots of nanopure water for three consecutive cycles then dried with N2 gas and used
for further analysis.
AI.1.6.2. Surface Labeling with FITC and Cyanine 5
In Chapter 6, we treated APTES modified hydrophobic PDMS films with 20 µM
FITC solutions (in H2O) after releasing prestrain (to induce wrinkle formation).2 The
reaction vessel was placed inside an 80 °C convection oven for 1 hr. Afterwards, the
films were removed, rinsed with aliquots of DI H2O and imaged under fluorescence
microscopy. After surface modification with FITC, the films were strained back to their
original prestrain and aliquots of 1 µM cyanine 5 was deposited on the surface.3 The
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films were kept in the dark for 1 hr to allow for surface modification. The films were
rinsed with aliquots of DI H2O and analyzed again under fluorescence microscopy.
AI.1.7. Reagents Utilized for Visualizing Surface Wettability Patterns
For the surface wettability demonstrations in Chapter 1, a water-soluble red dye,
Acid Red 1 (TCI America, Portland, OR) was used as received. We made an aqueous
(20 v/v%) ethylene glycol solution (Fisher Scientific) and added small amounts of the
Acid Red 1 dye to the solution to enhance contrast. We then nebulized this solution onto
PDMS films which were mechanically deformed using 3D printed relief structures
(Figure AI.1-AI.3). We used pneumatic nebulizers (Medsource) to visualize the
mechanically generated surface wettability patterns. Acid Red 1 was also used in
Chapter 2 to enhance droplet visualization and contrast.
AI.1.8. Microfabrication
In Chapter 3, we used the highlighted chemical dissolution process (AI.1.3.1) to
fabricate surface topographical patterns of varying resolutions. Specifically, we placed
tunneling electron microscopy masks (TEM) and/or photolithography masks (Figure AI46) on the surface of PDMS films and oxidized them with ultraviolet ozone. Afterwards,
the oxidized films were placed in 50 mL conical tubes containing the dissolution media
and heated inside a convection oven at 90 °C. The topographical patterns were obtained
following rinsing with DI H2O and drying with N2.
AI.1.9. Reagents Used in Microdroplet Reactions
In Chapters 2 and 5, FeCl3 (Alfa Aesar, Haverhill, MA) and NaOH (Fisher
Scientific, Chicago, IL) were used as received for the formation of Fe(OH)3. In Chapter
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5, Co(OAc)2 and CuCl2 (Fisher Scientific) were mixed with NaOH to synthesize
Co(OH)2 and Cu(OH)2, respectively.
AI.1.10. Preparation of Films for Microdroplet Transport
In Chapters 4 and 5, PDMS was cut into 4 x 2 cm films and strained to pre = 0.20.
Then the pre-strained films were place under an ultraviolet ozone (UVO) lamp with 3
mm separation between the films and the lamp for 90 mins. Afterwards, the films were
briefly oxidized inside an O2 plasma oxidation chamber (Plasma Etch Inc., Carson City,
NV, Model #PE-25 Series) at 15 W power for 5 seconds to render the surface
hydrophilic.
AI.1.11. Chemical Gradient Synthesis
We fabricated chemical gradients on the surface of the oxidized films (section
AI.1.7.3) following a procedure developed in our lab.4 Briefly, we created a 1:10
decyltrichlorosilane (DTCS): light mineral oil solution. We then soaked precut filter
paper with 15 µL of this solution to decrease the volatility. The filter paper was then
inserted into a 3D-printed diffusion chamber (Figure AI.7) which was then placed on top
of the oxidized films in a sealed environment for 120 s to allow for controlled patterning
and surface functionalization. Afterwards, the chamber was removed, and the films were
immersed in a 60 °C DI water bath for 60 s. Finally, the films were rinsed with aliquots
of DI water for 30 s.
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AI.2. Instrumentations
AI.2.1. Mechanical Tensiometer
AI.2.1.1. Mechanical Tensioning of PDMS Films
In Chapters 1 and 2, plasma and UVO oxidized PDMS films were attached to
grippers, and mechanically strained using a material testing system (Instron, Norwood,
MA, model #5944) at the specified rates, strain, and cycle number. In Chapter 4, the
microtextured chemical gradient films were stress cycled using the Instron instrument at
the specified parameters. For microdroplet transport on inclined surfaces, the film was
carefully strained using a homemade mechanical tensioning device (Figure AI.8). This
electronically powered tensioning device was operated by an Adruino stepper motor
(Figure AI.9). In Chapters 4 and 5, prestrain was applied by manually straining the
PDMS films and attaching them to glass slides using binder clips purchased from Office
Depot. In Chapter 6, the metalated films were stress cycled using the electronically
powered homemade mechanical tensioning device (Figure AI.8). In Chapter 6, film
tension was applied using another homemade mechanical tensioning device capable of
fitting into a 50 mL conical tube (Figure AI.10).
AI.2.1.2. Generation of Separate Wettability Zones
In Chapter 1, plasma oxidized PDMS films were attached to a homemade
mechanical tensioning device using 3D printed clamps, and each distinct zone on the film
was precisely stretched in succession generating surface wettability profiles.
AI.2.1.3. Tilt Stage
In Chapter 2, we designed, and 3D printed a tilt stage (Figure AI.11) for droplet
sliding angle measurements on superhydrophobic PDMS films. The tilt stage can be
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mounted with a hand operable mechanical tensiometer (Figure AI.10) for mechanically
responsive experiments and manually tilted between 0 and 90°.
AI.2.2. Contact Angle Measurements
AI.2.2.1. Sessile Drop Contact Angle Measurements
In Chapters 1, 2, 4, and 5, we used contact angle measurements using an
Attension Theta contact angle goniometer (Biolin Scientific, Gothenburg, Sweden) to
characterize surface wettability and confirm surface functionalization. In Chapter 1,
sessile drop contact angle measurements were obtained by depositing a series of 1 µL DI
H2O droplets on the surface of the mechanically stressed PDMS-OH substrates. In
Chapter 2, sessile drop contact angle measurements were used to measure film
superhydrophobicity. The goniometer was also used to record high-speed movies. In
Chapters 4 and 5, the goniometer was used to measure the gradient intensity (Φ) and
contact angle hysteresis (i.e., the difference between the advancing and receding contact
angles for droplets of various radii). To measure the gradient intensity, we deposited
0.20-0.30 µL DI H2O microdroplets continuously along the chemical gradient at 1 mm
spacing intervals, where contact angle measurements were repeated in triplicates for each
individual data point. We constructed a plot of cos θ relative to the gradient position. We
then used the linear portion of the plot to calculate Φ. For programmable microdroplet
transport, high speed videos were recorded using the goniometer. Throughout this
dissertation, five unique contact angle measurements were recorded from multiple films
and these results were averaged. The standard deviation was then used as the reported
error in the measurements.
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AI.2.2.2. Measuring Microdroplet Transport Velocity
In Chapters 4 and 5, microdroplets of differing radii were deposited on the surface
of chemically modified films. We varied c, Φ, incline/decline angles accordingly, and
recorded movies using the Attension Theta contact angle goniometer’s high-speed
camera. Movies were edited using the Premiere Pro software. Instantaneous velocity data
were determined from these movies by extracting a down sampled series of frames (down
sampled to 69 frames per second) for position/time analysis using the open-source
software package ImageJ. Specifically, for each frame series, the center of a 3 µL DI
H2O droplet was tracked during the transport sequence using the MTrack2 plugin. The
magnitude of the pixel change following each successive frame was measured and
converted to its corresponding distance (mm). We used a 10-frame moving average in
order to reduce the noise in the instantaneous velocity measurements.
AI.2.3. Optical Microscopy
Optical microscopy images in every chapter were obtained using a horizontal axis
microscope from Zeiss (Axio Scope A1 Microscope equipped with a AxioCam MRc5
camera, and a halogen source).
AI.2.4. Confocal Microscopy
AI.2.4.1. Imaging Surface Instabilities
In Chapters 1 and 2, confocal microscopy (Confocal Microscope Keyence
Variance, VK-X200Series) was used to visualize the formation of surface cracks
following mechanical stress application. In Chapters 3-5, confocal microscopy was used
to visualize the surface microtopography of wrinkled PDMS films follow the release of
preappplied strain. Specifically, in Chapter 4, we used confocal microscopy to measure

the critical strain (cs)—the strain where wrinkles begin to form—wrinkle pitch (λ),
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wrinkle amplitude (A) at variable strain, and the Wenzel’s roughness factor (r). We
systematically compared these values to established mechanical models in order to
validate the idealized behavior of our system and to guide design/predictability of the
topographic features of our microtextured surfaces.
AI.2.4.2. Imaging Surface Micropatterns
In Chapter 3, we used confocal microscopy to visualize square, circular, and
hexagonal microfabricated patterns. Additionally, we used this imaging technique to
view hierarchically micro/nanostructured topographies and sophisticated patterns
(Chapter 3).
AI.2.5. Scanning Electron Microscopy (SEM)
Field Emission Scanning electron microscopy (FESEM) was performed to
evaluate the surface topography of the hierarchically patterned PDMS films in Chapters 2
and 3. To enable facile imaging, the samples were fixed on a SEM mount using doublesided carbon tape and coated with 2nm of Au using a Cressington 108 Auto Sputter
Coater at a deposition rate of 0.1 nm/sec. The micrographs were obtained using a FEI
Helios NanoLab 660 field-emission scanning electron microscope in immersion mode
operating at an accelerating voltage of 5 kV.
AI.2.6. Gas Chromatography-Mass Spectrometry (GC-MS)
In Chapter 1, precut PDMS-OH substrates were mechanically stressed using the
Instron system at 1000 mm/min to a strain of 1.0 for 1 stress cycles. The PDMS-OH
surface was gently swabbed twice with a cotton swab wetted with 0.15 mL of ethyl
acetate, and the cotton swab was placed into a GC-MS vial. Immediately afterwards, the
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PDMS-OH surface was swabbed with a dry cotton swab, and the cotton swab was placed
into the GC-MS vial. The GC-MS vials were then diluted to 2.0 mL with ethyl acetate.
The GC-MS vials were vigorously agitated on a mechanical shaker for 1 minute and
loaded onto the GC-MS system (Thermo Scientific Focus 1310 GC with ISQ-LT MS),
and the siloxanes were separated on a capillary column (30 m length and 0.32 mm
diameter). The same procedure was repeated for the unstressed films, where the stress
cycling step was omitted. The system parameters were set according to a published
procedure by Kala et al.3 The individual peaks in the gas chromatogram spectra were
identified as siloxanes according to their common mass fragmentation patterns of 73,
147, 221, 281, 295, and 369 amu (Figure S4a).3 Trimethylphenylsilane was used as a
calibration standard in order to quantify the amount of siloxanes extracted from the
surface of the silicone elastomeric films.
AI.2.7. X-ray Photoelectron Spectroscopy (XPS) Measurements
In Chapters 1, 2, and 6, we characterized the surface composition of various
stressed and unstressed PDMS films using a K-Alpha XPS by ThermoFisher Scientific.
The instrument was equipped with a monochromatic aluminum K-alpha X-ray source
irradiating the sample at 1486.6 eV. Survey spectra were collected at 100 eV pass energy,
high-resolution spectra were obtained with a 50 eV pass energy, and the source beam size
was set to 400 µm. A flood gun was utilized for charge compensation. In Chapter 1,
mechanically stressed PDMS-OH films were loaded into XPS and analyzed within 4
hours of mechanical deformation. In Chapter 2, XPS was used to probe the effect of
chemical dissolution on the surface chemical composition. In Chapter 6, we used XPS to
monitor surface functionalization with amine terminating silanes and to confirm surface
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metalation. We also investigated the effect of mechanical stimuli with regards to surface
rearrangement of metalated films.
AI.2.8. Atomic Force Microscopy
In Chapter 1, the surface topography of the PDMS films were characterized by
atomic force microscopy (AFM, Digital Instruments Multimode Nanoscope IIIA). The
films were scanned in tapping mode at a scan rate of 0.30 Hz over a 25 μm2 area. In
Chapter 3, AFM was used visualize and characterize the surface nanoscopic patterns.
AI.2.9. Ultraviolet-Visible Spectroscopy (UV-Vis)
In Chapter 6, we measured the absorbance of the Bindschedler’s Green reaction
using a UV-Vis spectrometer (Shimadzu UV-2401 UV-VIS). For this reaction, we used
deionized water as the blank and measurements were recorded using a quartz cuvette. In
Chapter 3, we measured the optical transmittance of the chemically etched PDMS films
using a hand-operable UV-Vis spectrometer (Ocean Optics spectrophotometer: USB +
2000 + XRI-ES). We placed two fiber optic probes (Ocean optics fiber optic cables:
QP300-1 SR for transmittance) positioned relative to the films through a 3D printed
housing unit to minimize signal interference. We obtained ambient background
measurements and transmission measurements of a native PDMS film for reference.
AI.2.10. 3D-Printing
In Chapter 1, we designed (using Autodesk Inventor Professional 2017 software)
and printed 3-dimensional relief structures with either a Dimension Elite 3D printer or
Autodesk Ember 3D printer (depending on size and resolution). Additionally, we
designed and printed a miniature vacuum head to create suction and deform PDMS films
into the relief structures. In Chapter 3, we printed a “UNL” mask using the Dimension
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Elite 3D printer to generate surface optical patterns following chemical dissolution. In
Chapters 4 and 5, we printed diffusion chambers of varying dimensions (Figure AI.7) to
synthesize surface chemical gradients.
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Figure AI.1. CAD design of a relief structure used for the generation of a surface
wettability “N” pattern (Chapter 1).

246

Figure AI.2. Relief structure design for the generation of high-resolution surface
wettability “N” patterns (Chapter 1).
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Figure AI.3. CAD design of “UNL” patterned mask for the selective oxidation of PDMS
films and generation of surface optical patterns (Chapter 3).
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Figure AI.4. Optical image of a circular arrayed photolithography mask used for
synthesis of microtopographical patterns (Chapter 3).
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Figure AI.5. A hexagonally patterned tunneling electron microscopy grid used for the
microfabrication of surface structural patterns (Chapter 3).
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Figure AI.6. A square patterned tunneling electron microscopy grid used for the
microfabrication of surface structural patterns (Chapter 3).
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Figure AI.7. CAD schematic of the housing chamber for controlling gas diffusion and
synthesizing surface chemical gradients (Chapter 4).
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Figure AI.8. An optical image of the home-made mechanical tensioning device (Chapter
6).
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Figure AI.9. An optical image of the Adruino circuit board used for controlling the
home-made mechanical tensioning device (Chapter 6).
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Figure AI.10. An optical image of the home-made/manually operated mechanical
tensioning device. This mechanical tensioning device was designed to fit inside a 50 mL
conical tube (Chapters 2-6).
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Figure AI.11. An optical image of the home-made and hand operable tilt stage for
measuring the sliding angle of droplets on superhydrophobic films (Chapter 2).
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